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Abstract

Fusion welding is a complex process that requires a lot of control in order to
achieve the desired results. Due to its complexity a number of defects may occur
during the process. Weld solidification cracking is one of them and it is a critical
defect. The presence of this defect will always lead to failure. This failure can
occur during the production process where, if detected, the defect will cause
significant setbacks and increased cost of production. If undetected it will lead to
failure during service where the impact will be more severe. Overall, failures due
to solidification cracking can lead to significant environmental, economic and social
damage.

This thesis examines the capabilities of experimental procedures with the ultimate
goal to assess the hot cracking susceptibility of materials. In the first chapters the
material used for this work is presented along with its production process for
manufacturing pipelines for gas and oil transport. Adding to that, literature on
the subject of hot cracking is presented. Tests that have been created for assessing
the hot cracking susceptibility of materials (weldability tests) are presented and
discussed and the two tests that are the focus of this study are analysed in depth.

This thesis is focused on the characterization of the material, weldability tests and
post processing of the weldability test samples. During the experimental design of
the weldability tests, improvements that allow for increased repeatability and
reliability of the tests are presented. These improvements allow for the better
control of the application of strain during the tests which is an important
parameter for solidification cracking. The results of these tests show that there are
significant improvements compared to previous work. This is deemed important
since these tests are not standardized and increased control of the tests could lead
to standardization of the tests. Furthermore, the post processing by X-ray
computed tomography and fractography of the samples provided indications that
it is possible to predict the position where a solidification crack will be generated
during welding.
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Chapter 1

Introduction

The presented thesis is the result of a study that focused on developing and
improving the experimental process of assessing hot cracking susceptibility of
materials. These improvements also led to an improved theoretical understanding
of the hot cracking phenomenon. The following sections discuss and present the
motivation for this work initiating from a brief history of steel and its applications
that acted as a main driver for this work. Following these brief sections the main
aspects, which the work was focused on, are described in order to set the scope of

the study and describe the structure of this thesis in detail.

1.1 Brief history of steel

Since ancient times the use of materials was driving civilisations and the main
materials that were used characterized the era. One of the most important eras in
history was the Iron Age (1200 BC to 550 BC). Iron began being used toward the
end of the Bronze Age (3300 BC to 1200 BC) and its superiority to bronze was
quickly acknowledged. Despite the fact that the rise of steel began during the
industrial revolution of the 19" century its story started much earlier. Steel was,
like a lot of great discoveries, discovered by accident. Iron workers realised that
when iron is left in charcoal fires for long periods the material changed [1]. It

became harder and stronger and the tools and weapons that were made with the
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use of this material were superior to others. A significant number of techniques for
manipulation of steel were developed and the products produced from this
material gained in reputation. There are still items from these early times that are
to this day legendary because of the amount of material manipulation that was
needed in order to create these high quality products even for today’s standards.
These include Japanese Katana swords, traditional Persian swords and Damascene

swords.

Industrial revolution would not have been so successful or even possible if steel was
not an option. One of the greatest technological leaps of mankind would not have
been possible. Common steel is an iron-carbon alloy which contains a maximum
2% carbon. Other alloying elements are also used for the production of steel. Steel
was and still is the most commonly used material. This is because steel is a strong
material that can be easily manipulated with a low production cost compared to
other materials and it is also indefinitely recyclable. Adding to that, research and
work on creating advanced steel alloys is ongoing. A couple of examples include
improvements in corrosion resistance by improving the chemical composition of steel
[2] or improving steel strength to weight ratio by submitting the material to specific
heat treatments [3]. As a consequence, steel is the primary material for multiple
industries like automotive [4], oil and gas [5], construction [6] and food [7]. World

production of steel reached a total of 1,630 million tonnes in 2016 [8].

1.2 High Strength Low Alloy Steels

Steel is used in numerous applications and it is one of the most widely used metals.
This is mainly because of the wide range of the alloy’s composition, microstructures

and properties [9]. Steels can be divided into four main categories:

e carbon steels
e alloy steels

e stainless steels and
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e tool steels

Each category can be divided into subcategories depending on the application, the
composition or the alloying elements of the steels. One interesting category of steels

is the high strength low alloy steels (HSLA).

HSLA steels are alloys with a low percentage of carbon (usually <0.3%wt.) and with
alloying elements like manganese (up to 2.0% wt.), silicon, molybdenum, nickel and
chromium usually less than 1% wt. individually [9]. Their high strength is primarily
a result of the production process. This results in steels with yield strength above
275 MPa, adequate formability and weldability [10]. HSLA steels are produced
usually with thermo-mechanically controlled rolling and the alloying elements are
actually micro alloyed in the steel, mainly to control its structure. Figure 1.1 shows
a comparison in the yield strength of HSLA steels relative to other steels and also

how the size of the grains affects the yield strength [11].
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Figure 1.1: Yield strength versus d"*/2 where d is the grain diameter for HSLA steels
in comparison with mild steels [11].

The micro alloying process of these steels also results in improved mechanical
properties, corrosion resistance and increased weldability. HSLA steels can reach

up to 485 MPa yield strength without further heat treatment [12].
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1.2.1 Alloying elements and HSLA steels

Research on the effect of the alloying elements that are used for HSLA pipelines
steel is significant. Generally alloying elements have different effects on the
microstructures and properties of steel. Understanding the basic effect that the
most significant elements used for alloying HSLA steel have, but also steel in
general, is considered important. Alloying elements like manganese, aluminium,

titanium and chromium are commonly used in HSLA steels.

Manganese is present in almost all commercial steels. This is because it enhances the
de-oxidation properties in the melts of steel and its tendency to combine with sulphur
and form manganese sulphides that increase machinability. It also contributes to
the steel hardenability but with not as strong an effect as other elements [13]. The
problem with increased manganese concentration is that it decreases ductility and
weldability of the steel, a property that in the current application is not desirable

13].

Silicon is also a deoxidizing element that is used in steels and it also increases the
strength of ferrite without having a severe effect on the overall ductility of the
steel. The usual range of composition in silicon is between 0.15% to 0.30% wt. If
other types of deoxidizing elements are present the composition of silicon can be

reduced [10,13].

Chromium is a strong carbide forming element and it is also used as a solid solution
hardening element. The chromium carbides dissolve in austenite at a slow rate
which means that before quenching steel containing chromium a sufficient amount

of heating time is required [14].

Vanadium is an element that is usually added to reduce the grain growth in steels.
This leads to improved strength of steels and the composition that is required
usually does not exceed the 0.05% wt. point. Further increase in vanadium
composition usually results in reduction of the strength of the steels since it forms
carbides that are hard to dissolve in austenite. Niobium additions to steel

significantly increase the yield strength of the material. These additions are
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usually around 0.02% wt. Niobium is a significant element in steels that are
processed using thermo-mechanically controlled techniques. Titanium is used as a
grain size control element that improves strength. It also forms carbides and

nitrides and can be used as a deoxidizer [10,13,15].

Molybdenum can increase the hardenability of steel. It also reduces the effect of
temper embrittlement in steels, and increases the creep and tensile strength of steel
at high temperatures. Adding to that it reduces the speed of transformation of
austenite to pearlite significantly more than it reduces the speed of transformation
of austenite to bainite thus making it possible to obtain bainite structure from
continuous cooling. Aluminum additions also improve the control of austenite grain
growth and it is used as a deoxidizer [10,13,16]. All the elements used in HSLA
steels are significant contributors in de-oxidation of steel and in the control of the

grain size, which are two key factors for the production process of HSLA steels.

The effect of titanium has been investigated in steels like API 5L-X70 pipeline
steel [17] which showed that X70 steel with increased content of titanium in the weld
metal exhibits improved impact toughness because titanium drives the formation of
more acicular ferrite in the microstructure of the steel. On the other hand research on
the X65 steel showed that the formation of titanium carbonitride precipitates reduces

the fracture toughness of the material and they act as crack initiation sites [18].

This is one of the classic problems engineers face in their search for appropriate
materials and compositions for demanding applications. The trade off in properties
is something that must be taken under consideration constantly and finding the
optimal process for each application is essential. Since the HSLA pipeline steels are
welded a focus on the alloying elements in the welds is also a topic that is extensively

researched as the demands for higher quality materials are increasing.

API 5L-X70 steel samples with different compositions in manganese and titanium
were examined for their susceptibility in hydrogen-induced cracking (HIC) and
sulphide stress cracking (SSC) which essentially revealed the same conflicting
problem as the previous example where the amount of manganese improved the

materials hardness as it was increased but it also increased its susceptibility to
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SSC. Adding to that titanium based inclusions acted as beneficial hydrogen traps
that reduce the HIC susceptibility but they reduce the fracture toughness of the
material [19]. Another study on API 5L-X80 steel showed that the increase of
molybdenum can increase the yield and tensile strength of the material but also

reduce its toughness [20].

In these studies the observed presence of acicular ferrite was deemed as a desirable
microstructure in welds because it can increase HIC and SSC resistance especially in
combination with Ti (C,N). However, increased amounts of any of these structures
will have an adverse effect on the material. Adding to that it must not be forgotten
that each element behaves in a specific way in the changes of temperature that
can affect significantly the performance of the material. For example molybdenum
is an alloying element that is used in HSLA steels but if the production process

parameters are not carefully controlled it might lead to secondary hardening [10].

1.2.2 Microstructure of HSLA steel for offshore pipelines.

The microstructure of HSLA steels is not only guided by the alloying elements
used but also from the production process of the steel. HSLA steels for offshore
pipelines are produced mainly through a process called Thermo-Mechanically
Controlled Rolling (TMCR). This process is a significant driver that leads to the
exceptional properties of HSLA steels for these applications. An outline of the
process is presented in Figure 1.2. During TMCR the steel is subjected to a
simultaneous application of deformation and heat. This leads to a refined
microstructure. By adding this process to the production cycle of the
micro/-alloyed HSLA steel the conflicting requirements of strength, toughness and

weldability are addressed through grain refinement [21].
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Figure 1.2: Schematic description of various typical TMCR processes [22].

This grain refinement is driven primarily by the recrystallization of the austenitic
structure during deformation of the material. This occurs during the process where
the steel is reheated in the range of 1200°C-1300°C in order to be formed/rolled
to the desirable thickness. This deformation leads to the breaking down of the
coarse microstructure and recrystallization of the austenite [13]. The micro alloying
elements that are added in the material inhibit the growth of the grains by pinning
the grain boundaries [22].

Recrystallization is an integral part to thermo-mechanical rolling. The definition of
recrystallization can be describes as follows. When a new grain structure is formed in
a deformed material, driven by the stored energy of deformation, then the process
is called recrystallization [23]. This process occurs in two steps. Nucleation and
growth which a structural transformation originally recognized by Gibbs [24]. This
transformation has an extensive effect in the structure of the material. In the first
step a new grain is formed (nucleated) and on the second step it grows generating

a new structure [25].

The microstructure that results from this process is most commonly a
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ferrite-pearlite structure with the ferrite being the dominant phase. These two
phases have specific characteristics that distinguish them from the typical phases

that result from normalizing and slow cooling.

Because after the TMCR the material is undergoing an accelerated cooling process
the resulting pearlite is more homogenous than the normalized pearlite. This
occurs because the cooling process inhibits the C diffusion which results in a lack
of a lamellar structure. The resulting pearlite is usually referred to as Degenerate
Pearlite (DP) or pseudo-pearlite [26,27]. Because of the increased cooling rate of
these steels the formation of pearlite is significantly hindered. This results in a
ferrite dominant microstructure. The manufacturing process of the HSLA steel will
produce different morphologies of ferrite that will affect the properties of the
material. The morphologies that ferrite can manifest are the following [28] which

are also described in Figure 1.3.

e Ferrite that is formed at the highest temperatures and slow cooling rates and

presents equiaxed grains which is called polygonal ferrite (PF).

e Ferrite that is formed by short range diffusion across the interface of ferrite and
austenite. It assumes irregular boundaries with a high density of dislocations.
It also includes martensitic and austenitic constituents that are brittle thus

reducing toughness. This is called quasi-polygonal ferrite (QF).

e Ferrite that forms at the same temperature as bainite but at slower cooling
rates. This structure has retained austenite or martensite/austenite

constituents dispersed in a ferritic matrix. This is called granular bainitic

ferrite (GB).

e Another form is called bainitic ferrite (BF), which has many ferritic lath
bundles that contain a high density of dislocations and are separated with

high angle boundaries.
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Figure 1.3: Microstructures of different types of ferrite [29-31].

All of these forms of ferrite can be observed in a form of ferrite that is called
acicular ferrite (AF). This form is present in HSLA steel usually with irregular
grain boundaries and small sub-grain boundaries. Acicular ferrite can also obtain a
needle like shape which is randomly oriented when the material is welded. A type
of ferrite that is effectively competitive in nature with the acicular ferrite and forms
at high temperatures is the Widmanstatten ferrite which grows from the austenitic

grain boundaries [32].

The microstructure of HSLA steels and their welds has been extensively
researched. Study that was carried out on the weld metal in X70 steel revealed
that the ferrite structures discussed were also detected in the weld of the material
with the addition of lamellar pearlite ferrite-carbide aggregate and of coarse upper

and lower bainite morphologies [33]. Another research of a Ti-Nb-Mo
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micro-alloyed HSLA steel showed that the structure is predominantly ferritic but
the cooling rate affects the size of the interphase carbide precipitates [34]. The
influence of microstructural aspects of Submerged Arc Welding (SAW) HSLA steel
joints has also been examined. The micro-structure of the weld joint is, as
expected, affected by the heat input during welding which affect the size of the
ferritic laths and alters the CGHAZ from bainite/martensite to coarse granular
bainite. ~ As the heat input was increased the toughness of the material
decreased [35,36]. It is noteworthy that in many cases HSLA steels and their
microstructure is examined under welding conditions because HSLA is a steel that
is broadly used in the oil and gas industry for the production of pipes. Its

increased use has led to the formation of specific standards for this industry [37].

1.3 API-5L standard and X65 HSLA steel

The American Petroleum Institute (API) is a national trade association that among
other activities has led the development of petroleum, natural gas and petrochemical
equipment and operating standards. API 5L standards define all the parameters and
limits in mechanical properties, size (pipe diameters, pipe wall thickness), welding
techniques, composition and mandatory tests that the steel must comply with, in
order to be characterized as an X65 steel. The main objective of the specification is

to provide standards for pipe suitable to transfer water, gas and oil [37].

API-5L X65 steel is the grade of steel that has specific properties. These
properties are defined in these standards. An API-5L X65 steel was mainly used in
this study. X65 has a minimum yield strength of 448 MPa and a maximum of 600
MPa. Its ultimate tensile strength ranges from 531 to 758 MPa. Properties that
are not defined by the standards have been examined in the literature. The impact
toughness (Charpy energy) of the steel has been measured between 280 J and 360
J. Its fracture toughness has been measured between 115 MPa m'/? and 280 MPa

172 As far as corrosion resistance is concerned. Depending on the environment

m
X65 has a corrosion resistance ranging from 0.02 mm/y to 0.8 mm/y [38-43].The

standards define two Product Specification Levels (PSL 1 and PSL 2). These
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specifications have some differences in the limits that are set and the manufacturer
should always state which the specification level for the steel manufactured is. The

composition of the steel is given in the following table (Table 1.1).

Table 1.1: Chemical Composition limits of X65 Steel [37].

Grade & C Max Mn Max P Max S Max Nb Max V Max Ti Max
Class (% wt.) (% wt.) (% wt.) (% wt.) (% wt.) (% wt.) (% wt.)

The sum must not

Exceed 0.15%

PSL 1 0.26 1.40 0.030 0.030

PSL 2 0.22 1.45 0.025 0.015

The API specification defines parameters considered critical for the applications of
X65 and other grades of HSLA steel. The analysis of the standards is not in the
scope of this study. X65 steel is the material that will be used and discussed in
this study. Its microstructure will be examined and it will be used in order to

develop /improve a method of assessing hot cracking susceptibility of materials.

1.3.1 Pipelines

Pipelines are a critical component of infrastructure in the energy and energy
transport sectors. Due to its size and importance, the oil industry continues to be
a significant driver in the development of pipeline technology. Figure 1.4 illustrates

some of the most significant changes that occurred during the 20th Century [44].
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Figure 1.4: Materials innovations, design, demand and regulatory changes for

pipelines that occurred during the 20th Century.

In general, pipelines that are used today can be divided into two categories: onshore

and offshore (Figure 1.5).
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Figure 1.5: Pipeline types summary.
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Generally, production of the pipes can be outlined as follows. A plate or strip of
steel is formed at the desired shape (hollow pipe) followed by a welding process.
After that the pipe is heat treated, the weld is inspected and the pipe undergoes a
process of sizing in order to obtain a specific size and then it undergoes a process of

finishing [45]. Figure 1.6 shows an outline of this process.

Plate or strip '1

Roll forming -1
Seam welding -1
Post treatment -1

Weld inspection -l

Sizing -1

Finishing

Figure 1.6: General outline for the production of pipes.

The demands for oil and gas are constantly increasing [46,47] and the demands on
pipeline materials are constantly increasing since oil and gas reserves are increasingly
found in demanding environments (low temperatures, high pressure) which could not
previously be accessed. This will not only require improvements in materials but
also a focus on the maintenance of older pipelines that need to continue providing
service [44]. The operation of pipelines at deep sea (up to 3000 m depth) and ultra-
deep sea (more than 3000 m depth) is an example of a demanding environment. This
is one of the main drivers for this research. The materials used for these applications
must be tested thoroughly and reliably because of the challenges that these types

of applications exhibit.

1.3.2 Demanding environments

One challenging topic in materials” applications is the use of materials in demanding

environments. These are environments in which materials may be required to sustain
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extremes of:

High/low temperatures

High/low pressure

Corrosion/erosion

Excess load bearing

High impact

High /extended lifetimes

Pipelines that are intended for use in deep sea applications and even in ultra-deep sea
applications are made of steel that faces severe stresses both during its installation
and its service. Pipes that are used for deep sea applications have to not only
pressures that are higher than 30 MPa at depths of 3000 m or more and temperatures
of 3°C. During the installation of the pipes stresses higher than 400 MPa can be
applied depending on the way they are installed their length, their thickness and
the depth of the installation [38]. Furthermore, the pipes must survive in this
environment which is also corrosive for periods of more than 20 years. Additionally,
except the harsh environment of the installations, the hydrocarbons transferred
through the pipe contain HyS and CO4 which are characterised as sour hydrocarbons
that affect the properties of the steel [39]. For these reasons the materials used for
these applications are tested in all aspects of performance, like; strength, toughness,
weldability, fatigue etc. Given the importance of the application that these pipes are
used for, a lot of research has been done in order to assess aspects of the application
like the welding process of the pipes, the stresses that they can withstand, the hot

and cold cracking of the welds, corrosion and many more.

1.4 Welding

Welding is a process that is utilised in order to join two, usually metallic, parts. The

goal is to make these two separate parts one solid part [48]. The process of joining
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can differ significantly depending on the situation and the materials required to be
joined together. Some of the main parameters that are taken under consideration

are the following:

e How critical is the application

Are the materials similar or dissimilar

e How the resulting microstructure will affect the performance of the material

The thickness of the material to be welded

The position of the weld

There are numerous welding processes. The three major groups are gas welding,
arc welding and high energy beam welding. Each group includes multiple types of
fusion welding processes with its own advantages and disadvantages. For example,
as described in Figure 1.7 high energy beam welding inflicts less damage to the
workpiece than gas welding but has a high cost [49]. This section provides a brief

description of welding techniques followed by the most common defects that occur

in welds.
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Figure 1.7: Variation of heat input to the workpiece with power density of the heat
source [49].
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In most cases, welding processes heat the base materials in order to join them. The
high heat input has significant effects on the microstructure of the materials, which
can be detrimental to the mechanical properties of the joint [50]. The differential
cooling, experienced by the material in regions away from the welding point, divide

the joint section into different zones (Figure 1.8):

e the fusion zone (FZ)
e the heat affected zone (HAZ) and

e the thermally unaffected zone usually referred to as base metal (BM)

The HAZ can be further sub-categorised as: the coarse grained heat affected zone
(CG-HAZ) which is the part closest to the FZ; the recrystallized zone; the partially
transformed zone; and the tempered zone. In the boundary of the FZ and CG-
HAZ there are areas that during the welding process are partially melted and re-
solidified during the welding process. These areas are sometimes referred to as

mushy zones [51, 52].

B Fusion Zone

W Partially Melted Zone
Coarse Grained Heat Affected Zone
Recrystallized Zone

M Base Metal

Figure 1.8: Cross section of a weld and the zones that are created during a welding
process. Left side is the centreline of the weld were the material is liquid and where
fusion is occurring. Due to the different temperatures that the material is subjected
different zones are created as the distance from the fusion zone increases.
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1.4.1 Welding techniques and defects

Welding is used for multiple applications. Each application requires different
properties and used different materials. The choice of welding technique is usually
driven by the application requirements. Some of the most common welding
techniques will be presented in this section. Shielded metal arc welding (SMAW),
which is usually referred to as manual metal arc welding, is a process that uses a
metallic consumable electrode covered in flux in order to deposit the weld. Electric
current, direct or alternating, is used in order to generate an arc and form a weld

pool by melting the electrode [53].

Gas metal arc welding (GMAW) is similar to SMAW but instead uses a shielding gas
to protect the weld during the welding process [48]. This technique has been used
in the manufacturing of pipelines due to its high production rate and automation
capabilities [54]. Defects that have been observed and studied, that are connected

with this welding technique are pinholes and tunnel porosity [55].

Submerged arc welding (SAW) is a process where the consumable electrode is covered
with a powder like flux that protects the weld and the arc generated is not visible
because it is ‘submerged’ under the flux [56]. This technique is also widely used for
the manufacturing of pipelines. Due to the larger sized weld pools compared to other
techniques and the high welding speeds that are achieved by SAW hot cracking is

usually a defect that must be taken under consideration [56,57].

Gas tungsten arc welding (GTAW) is a process that is similar to GMAW. It uses a

non-consumable tungsten electrode and inert gas to protect the weld [58].

Some other, less common, welding processes include laser beam welding (LBW),

resistance welding (RW), friction welding (FW).

Fusion welding defects are significant because of their detrimental effects on the final
product. These defects manifest as cracks. The way these cracks are generated or

appear allows for them to be separated into four categories:

e Hot cracks or solidification cracks,
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— are cracks that manifest in the fusion zone during the solidification of the

weld.
e HAZ micro fissures
— initiate in the partially melted HAZ section of the HAZ.
e Cold cracks, or hydrogen induced cracking

— are the result of the contamination of the weld microstructure by
hydrogen. Cold cracks can occur months after the welding process has

taken place.
e Lamellar tearing

— is cracking that occurs beneath welds. Rolled steel is quite susceptible to
this, especially when the welding bead is parallel to its rolling direction.
These cracks can reach the surface of the material but they usually remain

under the weld and can be detected by performing ultrasonic testing [52].

Since this study is focused on improving the testing procedures and understanding
of hot cracking and hot cracking susceptibility of materials, further analysis of hot

cracking phenomena is presented in the literature review section.

1.4.2 Welding HSLA steel for o0il and gas pipeline

applications

Welding is an integral process in the production of pipes for oil and gas applications.
In this section the manufacturing process of pipes made of HSLA steel will be briefly

described, focusing on the welding process.

The manufacturing process of the pipes consists of many steps and every step affects
the material properties. A simplified illustration of the manufacturing process that

is used for some pipes is shown in Figure 1.9.
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Figure 1.9: Outline of manufacturing process for HSLA pipes.

U-Forming O-Forming Welding Expansion

The production of the steel pipes using X65 steel follows the following process. The
metal plates go through a thermo-mechanically controlled rolling process (TMCR)
with accelerated cooling. After the process the plates go through a forming process
that consists of three steps. The process of forming is usually referred to as UOE
forming because of the steps that are used in the process. The steps of this process

are the following:

e U-forming, where the plate is bent initially so that it forms a U shape.

e O-forming, where the U shaped plate takes the form of a pipe and the welding

process is taking place.

e Expansion, where the welded pipe is expanded to meet the final sizing

requirements.

Because the forming process is an integral part in the production of pipes research on
the UOE process of the pipes has also been carried out. One of the aspects examined
was the collapse pressure of the pipes and the way the UOE process affects these
properties. Research showed that if the strain of the pipe during the expansion stage
is decreased and the strain during the O forming is increased the collapse pressure

of the pipe will be improved [59].

As it can be seen the manufacturing process of pipes from HSLA steel is a complex

process that includes many steps.

Between the O-Forming step and expansion the pipe is welded on both its inner and

outer diameter. using Submerged Arc Welding (SAW) [60]. Figure 1.10 provides
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a basic outline of the SAW process. The process takes place as follows. The pipe
is joined along the seam with an arc that is generated between a consumable wire
electrode and the HSLA steel. The flux that is supplied from the flux hopper is
also partly melted and in combination with the unmolten flux the arc is protected
during the process. This way there is no reason to use shielding gas because the flux
separates the weld from the environment. The flux also inhibits spatter and heat
losses which allows for higher welding currents and deposition rates. Additionally,
this process allows for multiple electrodes to be used thus increasing the deposition

rates and for thicker welds to be achieved [49].
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Figure 1.10: Schematic illustration of the submerged arc welding process showing,
a) overview of system components, b) detailed view of the welding process and
interaction with the base metal [39].

Welding is a very important part of the manufacturing process of pipes since it is

not only used during the production of the pipes but also during the installation
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of offshore pipelines. The scientific approach to welding is a complex and diverse
endeavour. This is because there are many parameters that affect the end result of
a welding process. For example, one set of parameters is the welding process itself
(MIG, TIG, SAW, LASER, etc.) which results in different quality of welds and
mechanical properties due to the effect they have on the material microstructure.
Also each welding process is susceptible to different defects that are possible to

occur.

The effect of heat input that is used during SAW welding duplex steel UNS S31803
was studied and it demonstrated how critical the heat input is for the quality of
the weld joints [57]. Different types of welding have also been compared as far as
their fracture mechanisms are concerned. SAW and Flux Core Arc Welding
(FCAW) were applied to various materials and then crack tip opening
displacement (CTOD) fracture toughness tests were carried out in order to
compare the results of the welding methods. The results of the research showed
differences in microstructure of the materials according to the welding process but
they have also shown how critical the control of the welding parameters is, since
they indicated different fracture mechanisms even if the microstructures were

similar [61].

HSLA steels have been tested using SAW in order to examine their
microstructures and compare them when they are subjected to different thermal
cycles during welding. One of the conclusions from the tests on X80 steel was that
there is a probability that micro crack nucleation may occur from M/A particles at
the intersection of prior-austenite grain boundaries [62]. This finding was also
supported by later research on X65 steel where the role of Ti (C, N) was

examined [18].

The underwater welding of HSLA steels was also examined in order to examine the
possible defects, the microstructure and mechanical properties of the steel when it is
welded under these conditions. The results showed that with increasing water depth,
the oxygen content increases as the alloying element decreases. The significant
drop of manganese and silicon contents happens from 11 to 25 m. Additionally

the mechanical properties of the welds drop when the depth is increased due to
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increased porosity and the oxidation of alloying elements [63]. Research on HSLA
steel has been very intensive and many aspects spanning from the microstructure
and alloying elements of these steels to the mechanical properties and applications

have been examined.

Another aspect of welding that needs to be discussed is the carbon content of the
steel that needs welding. The carbon content of steel must be low in order for the
steel to be weldable. Usually below 0.35% carbon is required. The issue that arises is
that HSLA steel and generally steels that are being welded for advanced applications
are alloyed. Alloying elements affect the weldability of steels directly. For that reason
a mathematical expression that converts the effect of alloying elements to a carbon
percentage is usually used in order to estimate weldability. This is called Carbon
Equivalent (CE), and the equation for HSLA steels that have a carbon percentage
below 0.12% is the following.

Si Mn Cu Ni Cr Mo V
E = —_t — 4 — 4 — 4 — 4+ — 4+ — B [64 1
¢ C+30+20+20+60+20+15+10+5 (64] (1)

When the carbon is above 0.12% the CE formula changes to the following.

Mn (Cr+Mo+V) (Ni+ Cu)
+ +

E =
¢ C+ 6 5 15

[37] (2)

Research on welding processes and its effects in materials has been taking place for
many years. Many aspects of welding have been examined on various materials and
processes. In 1941 Rosenthal presented a mathematical approach to calculating the
heat distribution during welding [65]. In order to develop this model that applies on
flat plates some assumptions were made in order to simplify the problem at hand.
The assumptions, were that the heat flow was in a steady-state, the heat source is a
point in space, the thermal properties are constant, the heat of fusion is negligible,
there are no heat losses from the workpiece surface and there is no convection in the
weld pool. Using these assumptions the calculation of the temperature gradients
and isothermal curves was made possible. Another tool that has been provided is
that these calculations could be expanded from a two dimensional space to a three

dimensional space and include the movement of the heat source (Figure 1.11).
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Figure 1.11: Heat flow during welding a) two dimensional (thin plates) b) three
dimensional (thick plates) [51]

Research on the cooling rate in the welding of plates has used the Rosenthal’s
equation to predict the size of HAZ. The results showed that the accuracy of the
analytical solution of Rosenthal’s equation on thin and thick plates is high and
reflects experimental results [66]. Conducting the calculations of the analytical
solution of this equation is a simple process and so the Rosenthal equation is
deemed a useful tool for calculating the cooling rate of a weld when applied on a
plate. It has been mentioned though that since this equation applies only to flat

plates,its use for more complex geometries is limited.

1.4.3 Brief history of hot cracking tests

Hot cracking is a defect that is detrimental to the welding processes. For this
reason multiple ways have been developed and proposed towards assessing the hot
cracking susceptibility. In the early 60’s Prokhorov et al. [67,68] and Matsuda et
al. [69-73] defined the term Brittle Temperature Range (BTR) and introduced the
working principle of Varestraint and Transverse Varestraint (Trans-Varestraint)
tests in order to quantify and assess hot cracking susceptibility. Other methods for
assessing hot cracking susceptibility include the cast-pin tear test [74, 75],
ductility-dip cracking [76] and Gleeble tests [77-79]. All these methods for
assessing the hot cracking susceptibility of materials, have managed to improve the
assessment and quantification of hot cracking susceptibility. However, there is a
need for further improvements and standardization, in order to achieve the

repeatability and reliability required to state that there is a definite measure of hot
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cracking assessment [80].

1.5 Research objectives
The objectives of this study can be separated into two main categories:

e Experimental characterization of API-5L X65 steel

e Assessing the hot cracking susceptibility of API-5L X65 steel.

Initially, research that has been carried out for characterizing the steel will be
reviewed. Following that, a series of experimental procedures will be decided in
order to add more information to the literature concerning the steel. Since
experimental procedures are constantly improving and in recent years there is new
research focused on hot cracking [18, 81], a review of the current methods of
assessing the hot cracking susceptibility of materials will be carried out.
Subsequently, an evaluation will be carried out and suggested improvements will
be presented. By pursuing these objectives the study aims to contribute new
information on the steel at hand on both its characterization and its hot cracking
susceptibility. Additionally, since hot cracking is a defect that occurs in many
materials, the examination of hot cracking susceptibility experimental procedures
could be potentially used to provide solutions that will contribute to the

assessment of hot cracking susceptibility of materials in general.

1.6 Scope of the thesis

In order to address the objectives that have been defined, this study adopts an
experimental approach. This is because the ultimate aim of the study is to develop
or improve experimental procedures that could be potentially be used as a basis
for standardizing industrial tests. A specific experimental procedure was chosen

and improvements in the design and the method are proposed. The theoretical
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background is provided, and in cases that demand it, it is probed further. This
study was driven and guided from the industrial use of steel for offshore pipelines.
For that reason the main material for this study is an advanced steel for subsea
pipeline applications. Details for this material will be provided in the chapters

following the introduction.

1.7 Structure of the thesis

The succeeding chapters will address the objectives that have been presented. Briefly
the structure can be described as follows. A theoretical background will be provided
and the current state of the research on the subject at hand will be identified.
Following that, the experimental processes that will be carried out will be described
and analysed before proceeding to the demonstration of the results. The results
will be analysed and discussed in order to reach to the conclusions of the study and
evaluate its contributions to the field. The following list provides an outline of the

contents of the main chapters.

e Chapter 1

— Brief introduction to the subject and an outline of what will be studied

Chapter 2

— Literature review of the subject guided by the objectives of the research

Chapter 3

— Detailed description of the experimental methods and materials that will

be used

Chapter 4

— Presentation of upgrades that were carried out in experimental equipment

Chapter 5

— Presentation of results of the experimental procedures
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e Chapter 6
— Analysis and discussion of the results presented in Chapter 5
e Chapter 7

— Evaluation of the study and the importance of its findings.

1.8 Summary

The construction of pipelines for the transfer of oil and gas has become an integral
part of the energy and energy transfer sectors. Steel is an important material for
the manufacturing of pipelines. The process of manufacturing steel pipes has been
improving and evolving constantly. The production process is a multistage process

with a lot of critical stages. Welding is an important part of this process.

The issue is that occasionally, during welding, defects that are categorized as hot-
cracks manifest. These defects are detrimental to the material and if they occur
they will lead to significant problems such as production halt, increased cost etc.
This means that materials that are to be used for these applications need to be
meticulously tested in order to ensure that the production process will be set in
a way that parameters and stresses that cause defects like these would not occur.
For that reason there is a demand for assessing the material’s susceptibility for hot

cracking.

Tests have been developed and used in order to address this issue but no standards
and regulations have been set for the testing procedures. For this reason a lot of
research has been carried out around this subject. This thesis will focus mainly on

the hot cracking defects that can occur during welding.

The study will focus on high strength low alloyed (HSLA) steels because they are
materials that are used in the oil and gas industry where welding is a significant part
of the industry. The structure of this thesis consists of a literature review in order to
set the context of the work that will be presented, followed by all the experimental

work that was carried out in order to achieve the objectives that have been set in
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this chapter. At the end the results will be discussed and the conclusions will be

drawn.



Chapter 2

Literature Review

This section provides the theoretical background that is required for this study.
The terminology for hot cracking is presented along with literature on the subject.
Following this experimental procedures for assessing the hot cracking susceptibility
of materials are presented leading to a detailed analysis of the Varestraint and Trans-

Varestraint tests that are the focus of this study.

2.1 Production and mechanical properties of

HSLA steels

The welding process for the pipes occurs after the O-forming of the plate as described
in Section 1.3.1. The plate is initially tack welded and after that the inner diameter
of the pipe is welded using multiple feed lines of filler material. Following the inner
welding process a similar process is followed for the outer weld. This means that
since multiple filler wires are used and they are not necessarily accurately centred
during the process the heat input on one side of the joint can be different than
the other [82,83]. Research on the expansion process that takes place during the
production of pipelines has shown that the process of the expansion increases the
tensile strength along the hoop direction [84]. During this process a tool called

‘expander’ is used (Figure 2.1). There have been cases that expander segments have

28
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failed due to improper EDM processing during their manufacture [85]. Another
parameter that has been studied is the minor deformations that are caused from
residual stresses. Research that measured the residual stresses in pipes that have
been manufactured using the UOE method has shown that the residual stresses are

not evenly distributed through the material [86].

(i)

Conicalmandrel

Segments

Cross section of the mandrel
and the segments

Moving direction

Pipe Segments
\ @ |
|
PERPPY _ movngdirectin

Conical mandrel

Expansion

Figure 2.1: A 3D model of the conical mandrel (i), the cross section of the segments
and the conical mandrel (ii), the side view of the expander machine (iii), and the
cross sectional view of the segments during expansion (iv) [85].

In research on fracture toughness of HSLA steels the fracture toughness of the
FZ and HAZ has been compared. Specifically, HSLA X80 steel has exhibited it
lowest fracture toughness at its interface between the FZ and HAZ [87] compared
to the fracture toughness of the rest of the weld joint. However these tests do not
identify clearly the amount of FZ and HAZ that is present in the CTOD samples.
Nevertheless obtaining values exactly on the interface between the FZ and HAZ of

a weld joint is rare.
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2.2 Solidification of steel

Plain carbon steel is usually manufactured by being cast using machines that
enable continuous casting. The steel is worked at a high temperature and slow
cooled to room temperature [88]. Steel is formed into slabs, blooms, or billets in a
continuous casting machine. The solidified product is pulled by rollers before being
straightened and cut at the end of the machine. This process can continue for days
or weeks without interruption. However during the solidification of the material
during its production, due to the intense heat gradients and internal stresses and
strains, defects that are called hot tears or hot cracks can manifest. These are
problems that create important issues during production. The hot cracking defects

and their mechanisms will be discussed in the sections below.

After going through this process the resulting microstructure is the one described
by the Fe-C phase diagram (Figure 2.2). During the casting process the material
undergoes some specific transformations. Steel is predominately iron with a small
addition of carbon. Iron is an allotropic material that changes phases as its
temperature drops. Allotropy is a word which is originated from a two part Greek
word. Allotropia (Alhotponio), dhhoc (éllos, “other”), and tpémoc (trépos, “way,
manner”). It is a property that some materials have which allows them to obtain

different crystal structures at different temperatures.
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Figure 2.2: Fe-C metastable phase diagram [89]

After iron is solidified its crystal structure changes from body centred cubic (b.c.c.)
to face centred cubic (f.c.c.) and back to b.c.c. at room temperature. Iron at room
temperature is called ferrite or iron-o and has a b.c.c. structure (Figure 2.3). As
the temperature elevates to 912°C the structure changes to f.c.c. and it is called
austenite or iron-y. This crystal structure changes again at 1394°C to b.c.c. which
is called iron-6 or & ferrite [89]. These different phases to be generated which have

different properties can be exploited during manufacturing.
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Figure 2.3: Crystal structure of iron-8, iron-a (b.c.c.) and iron-y (f.c.c.) [89].

Solidification of steel is an important aspect of its processing. Given that welding is
integral part of the manufacturing of pipes, the way that the material behaves during
solidification is critical. During welding the material is liquefied and as it cools the
solidification process initiates. Generally, the solidification process takes place as
follows. As the liquid material releases heat to its environment its temperature
drops to a point when initially small nuclei form at various positions. These nuclei
start to grow as surrounding atoms assume positions that allow for the growth
of the crystal structure. As these formations grow, they form crystal structures
at random orientations that inevitably collide with adjacent crystal structures and

form grains [89].

Solidification in general is affected by the temperature gradients that are forming
during the process and the direction of heat flow [90]. During welding the heat flow
is not the same as it would be during the free solidification of materials because

of the movement of the heat source and the existence of solid material at the edge
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of the weld pool. This acts as nucleation area for the solidification of the material
and allows for the material to solidify in specific direction forming columnar grains
that are orientated towards the heat source [91]. Adding to that the grains that
grow during this process are competing for their growth in a similar way that grains

compete during the directional solidification [92,93].

Because of the heat exchange and the difference in temperature during the
solidification, material properties like density and heat capacity are changing.
These changes in combination with the changes in the composition of the molten
liquid on the solidification front have been shown to create strains and stresses in
the solidifying materials [93,94]. It is during these processes, both during welding

and casting, that defects like hot cracking manifest.

2.3 Hot Cracking

Hot cracking is a complex phenomenon that occurs during welding. As a result of
this, some terms have been used interchangeably in the literature for many years
[39,95]. Terms like hot crack, hot tear and solidification cracking have been used
in many cases to describe either different types of defects of similar defects with
different names [96-104]. Therefore, in order to better understand the mechanisms
and the theory of the phenomenon a series of definitions, which are used in this

study, are specified.

For hot cracking the initial definition of the phenomenon can be made
macroscopically. Hot cracking is the phenomenon that includes cracking defects
that occur during welding. Because there is more than one cracking defect that
can occur during welding a multi-level definition is introduced herein. This still
focuses on the macroscopic features of the phenomenon. This is the position where
these cracks manifest. The position can be at the fusion zone or in the partially
melted zone (PMZ) of the HAZ. This separates the hot cracks between
solidification cracks (cracks in FZ) and liquation cracks (cracks in PM-HAZ).

Figure 2.4 describes these definitions which will be useful as the exploration of hot



cracking continues.
LEVEL 1
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Figure 2.4: Levels of hot-cracking definition (macroscopically).

By using the same method of defining cracking defects that occur during welding
processes, it is possible to clearly define other defects like warm cracking and cold
cracking. Nevertheless analysing these defects is not in the scope of this study.
However, as the definitions are currently set, it is established that when the term
solidification cracking is mentioned it means the cracks that occur in the FZ of the
material during welding (Figure 2.5). This lies as a subset under the greater category
of hot cracking. The current thesis focuses on the solidification cracks of materials.
Before presenting and analysing the mechanisms of hot cracking, the information
presented in Figure 2.4 will be expanded to further levels under the solidification
cracks. The reason is that as the hot cracking phenomenon can be divided into
sub-categories on the macroscopic level, the solidification cracking can be analysed

further and separated into different categories at a microscopic level.
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Figure 2.5: Positions in the FZ where solidification cracking can occur [105].
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Existing solidification cracking theories can be initially summarized in the following
statement. As a welding process takes place the solidification front trails the heat
source. As the material solidifies, the difference in heat gradients and percentage
volume of liquid on the solidification front introduces both thermal and mechanical

strains that result in the generation of cracks in the FZ [106-108].

Since the solidification front is an integral part in the phenomenon a more attentive
approach is required. Casting has provided a useful approach in the categorization
of solidification cracks by connecting them to the amount of liquid that is present
during solidification [103]. This approach could be incorporated in the hot cracking

theory and classification and allows for improved definitions on hot cracking.

Figure 2.6 illustrates how the mechanical properties of a material depend on the
amount of liquid existing during the solidification. When the presence of liquid is
above 10% the cracks that form exhibit an inter-dendritic fracture morphology and
they are called hot tears. On the other hand when the liquid present is below 10%
then the cracks exhibit an inter-granular fracture morphology and they are called

hot cracks.
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Figure 2.6: Schematic illustration of the structure and mechanical properties at
various stages of the solidification [103].
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By taking under consideration this information then the levels of hot cracking
definition that were presented in Figure 2.4 can be further enhanced and separated

between macroscopic and microscopic levels.

Figure 2.7 illustrates this analysis. If the definition of hot cracking is analysed in
depth it can potentially be divided into seven different levels. This map allows for

a more strict definition of the hot cracking defects.
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Figure 2.7: Levels defining hot-cracking.

The focus of this thesis is hot cracking defects that fall under the subcategory
of solidification cracking so the analysis of other defects will not be carried out.
Nevertheless breaking down cracking defects that occur in welds into these levels

could potentially help for better definitions of all defects.

2.3.1 Tests for assessing hot cracking susceptibility of

materials

Multiple experimental procedures have been developed and tested in order to assess

the hot cracking susceptibility of materials. The Gleeble test has been designed
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aiming to measure multiple parameters that are useful in the hot cracking assessment
of materials. The test comprises of a tensile testing of a number of cylindrical
samples at the temperatures below solidus and determining their hot strength and

ductility [78]. Gleeble can also be used to simulate thermal cycles during welding.

Using these capabilities materials like X80 steel have been tested using different
thermal cycles to observe how they affect the structure of welds of the steel [109].
This test has been used on 316 stainless steels in order to predict its hot cracking
susceptibility in the HAZ [110] based on the fact that a correlation between hot
ductility and hot cracking at the HAZ has been observed [111].

Generally the Gleeble is a thermomechanical simulator that unfortunately cannot
accurately simulate welding procedures. This is because most of the tests do not or
cannot adequately simulate the development of residual stresses in a weldment as
it cools after the weld process is over. Moreover, those tests that impose stresses
on cooling from the peak temperature to simulate weld residual stress do not
accommodate for the changes that can occur in a post weld heat treatment
(PWHT) procedure [80]. Nevertheless tests have been carried out using Gleeble

setups in order to simulate PWHT procedures in Ni-base super alloys [77].

Another test that has been developed and used for the purpose of assessing hot
cracking susceptibility is ductility-dip cracking (DDC) where, samples are
manufactured by repeated welding processes with a filler wire made from the
material to be examined [112]. A significant amount of research has been carried
out on this test in order to improve it. This research has initially pointed out that
these tests provide with increased thermal control for the tests and the specimens
are easier to make, compared to other methods. Furthermore, tests on Ni-based
alloys indicated that the addition of Nb and Ti in small quantities improve the
DDC resistance of the alloys but excessive additions cause hot cracking in the weld
metal [76,113,114]. Other findings indicated, for the alloys and temperatures tests
that were used, that grain size does not affect the DDC [115]. Direct chill casting
(DCC) AISI 316L weld metals indicated severe localized and thermal plastic
deformation which allowed the grain boundaries to slide in the ductility-dip

temperature range under strong restraint conditions. This led to the formation of



CHAPTER 2. LITERATURE REVIEW 38
micro-voids [116].

Another test is the cast pin tear test (CPTT). This test was developed and used
between the 60’s and 70’s [117,118]. The test was carried out by levitation melting
and casting of small charges of material in copper moulds to produce conical cast
pins with varying geometry. The mass was constant and small (only 19 g) and
the sensitivity of the test was controlled by the pin length and geometry. After
the pins were cast they were examined for circumferential cracks and the total
crack length was plotted versus the mould length [119]. The test had an important
positive aspect. It required a small amount of material in order for the test to
be carried out and extract results that could be useful for the development of novel
materials. Nevertheless the test initially had issues with the mould filling and control

so improved versions of CPTT were introduced [75,120,121].

All these testing procedures have contributed in the field of hot cracking and its
study. The fact that research in welding, casting and as a result hot cracking
has been ongoing for more than seventy years indicates how important it is for
engineering applications to do whatever is possible to either, eliminate, or minimize
detrimental defects like hot cracking. All the methods discussed so far have potential
applications to both casting and welding. The issue is that with these applications
the welding process is 'approximated’ or simulated in order to extract results and

study the phenomenon of hot cracking.

There are however, test methods that are indeed designed to study hot cracking
susceptibility of materials during welding. The tests are the Varestraint and the
Transverse Varestraint (Trans-Varestraint) tests. These tests will be the focus of this
study. Improvements will be introduced that will facilitate the study and assessment
of hot cracking susceptibility of materials. The tests will be discussed in the following

section.
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2.3.2 Varestraint and Trans-Varestraint tests

The Trans-Varestraint and Varestraint tests were established in the early 60s and
70s [69,74,122,123]. These tests involve placing a specimen on a rig with a similar
arrangement to a three point bend test, initiating a welding process and towards
the end of the welding process bending the specimen to achieve a pre-determined
strain, using a former of a prescribed radius. The direction of the weld is either in
the plane of bending (Varestraint) or perpendicular to the plane of bending (Trans-

Varestraint), as illustrated in Figure 2.8.

Bending Force Bending Force
Weld &

a)

Former of Radius (R)

Bending Force Bending Force

Former of Radius (R)

Figure 2.8: a) Varestraint test b) Trans-Varestraint test.

The radius of the former (R) is determined from the specimen thickness (t) and the
target strain to be applied (g), according to Equation 3 . This strain is defined as

the ‘augmented strain’.

t
e =55 X 100 (3)

The term augmented strain is defined as follows. During the solidification of the
weld strains are generated at the solidification front due to shrinkage (Equation 4).

These strains are augmented by the strains imposed by bending [124].

Eaugmented = Eshrinkage + Ebending (4)



CHAPTER 2. LITERATURE REVIEW 40

As the bend is applied during the welding process significant strain is applied on
the welding bead and, consequently, on the solidification front. This results in crack
initiation. After the end of the tests the length of cracks that are formed on the
surface of the specimen are measured, usually with the use of a stereoscope, and
plotted against the augmented strain. Because the orientation, position and number
of cracks differs between the two tests, three different crack measurements have been
utilized for these tests. Maximum Crack Length (MCL), Total Crack Length (TCL)
and Maximum Crack Distance (MCD). TCL is the sum of the lengths of all the
cracks present after the experiment. MCL is the length of the biggest crack. MCD
is the maximum distance parallel to the welding path that a crack has travelled.
In the case of the Varestraint test, because the cracks are not generated along
the centreline of the weld, the MCD and MCL may refer to different cracks. For
the Trans-Varestraint test the MCL and MCD can refer to the same crack as the
biggest cracks are generated along the centreline of the weld (Figure 2.9). Cracks are
measured by observing the sample directly above the weld usually using an optical

R

| T (o

Figure 2.9: Definition of maximum crack length (MCL) and maximum crack distance
(MCD) and their differences between the Varestraint and Trans-Varestraint tests.

The exact time that the bend would occur was not fixed and no parameters were
set for this [125]. Given that when welding the process is not in a steady-state
from the moment of initiation, delaying the time of the bend would allow for the
welding process to reach a steady-state. Using these tests allowed for some specific
parameters and properties to be quantified and connected to the hot cracking

susceptibility of the materials.
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Briefly the key milestones in the development of these tests were the following. In
the early 60s, a Brittle Temperature Range (BTR) was identified, during which
materials presented low ductility [67,68]. This was determined by measuring the
temperature of the weld pool and by correlating crack lengths with the temperature
gradient to identify the BTR of the material (Figure 2.10).
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Figure 2.10: Definition of the brittle temperature range (BTR) using the results of
Trans-Varestraint test [69)].

In order to incorporate the energy input on the weld the Solidification Cracking
Temperature Range (SCTR) was introduced. This was determined by conducting
the test as previously described, resulting in a plot of augmented strain vs crack
length (Figure 2.11). The augmented strain above which the crack length ceased to

increase was then identified and defined as the ’saturated strain’ condition.
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Figure 2.11: Augmented strain vs crack length [80].

This saturated strain crack length was used in combination with the welding speed

and cooling rate to calculate the SCTR according to Equation 5 and Figure 2.12.

Mazimum Crack Distance (MCD)
Welding Velocity (V)

SCTR = Cooling rate x (5)
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Figure 2.12: SCTR calculation on a time vs temperature graph [80].

The Varestraint test was introduced and applied initially in the mid to late 60’s
[74,126] and the test was described as follows. For this test, a specimen is held over
a removable die-block with a specific radius as a cantilever beam and a TIG arc melt
run is made along the centreline. At a predetermined point the specimen is rapidly
bent around the die-block. As a result strain is induced on the top surface. If the
strain is sufficient then cracks will be generated. After the tests, the total count
of cracks, their total crack length and the maximum crack length are recorded and
plotted against the augmented strain. This information will provide a qualitative

means of assessing hot cracking susceptibility [125].

Taking under consideration that these were the initial steps in a new experimental
procedure which has a solid working principal that can be used to study the hot
cracking phenomenon the following must be noted. The way these tests are
described and defined presents some key issues that need to be addressed. Initially

the mentioned predetermined point is not clearly defined. Adding to that, the
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amount of bend or its speed is not defined either. Research that was carried out
after the introduction of these tests, proposed another variation of the test. The
reasoning behind this change was that since the hot cracks occur mostly along the
centreline of the weld, the Varestraint test will not produce these types of cracks
necessarily [69]. For this reason a similar setup to the Varestraint test was
introduced with the difference of the position of the weld. By applying the strain
in the transverse direction the crack generation along the centreline was ensured.

This test was named Transverse-Varestraint test, Trans-Varestraint for short.

The researchers that introduced this new test went forward and tested multiple
materials using this test in order to assess their hot cracking susceptibility [70, 71,
73,127-129]. In these reports, hot cracking was studied along with the effect that
alloying elements have in the hot cracking susceptibility of materials. Their focus
was mainly on multiple grades of fully austenitic stainless steels and aluminium alloy
metals. It is during these tests that the difference in the hot crack morphology was

first identified.

The names that were given in the different morphology of the hot cracks were type
D for the region of the cracks that exhibit dendritic protuberances (inter-dendritic
fracture), type F for the areas that exhibit a more smooth area where
inter-granular fracture occur and type D-F in for the areas that a transition from
one morphology to the other occurs [130]. As research progressed both Varestraint
and Trans-Varestraint tests were used in order to assess hot cracking susceptibility

of materials.

Varestraint tests on Ti-6Al-2Nb-1Ta-0.8Mo and Ti-6Al1-4V were carried out using the
Varestraint test. Results indicated that Ti-6Al-2Nb-1Ta-0.8Mo is more susceptible
to hot cracking than Ti-6Al-4V and that heat input may have an effect on the total
crack length of the specimens [131]. A comparison between Al-2.21i-2.7Cu, alloy
2024 and alloy 5083 was also carried out using a Trans-Varestraint indicating that
alloy 5083 was the most weldable alloy and Al-2.2Li-2.7Cu was the least weldable one
by comparing their BTR and their MCD [132]. Research that has been carried out
in experimental steels that also compared results between the Varestraint and Trans-

Varestraint tests revealed some important features on both testing procedures. By
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comparing the tests the difference on the orientation and the size of the hot cracks
generated from the test it was revealed that depending on the test utilized the cracks

generated will be different.

What is noteworthy though, is that the results of maximum crack length vs
augmented strain did not show the expected evolution as presented in Figure 2.11
on all of the specimens that were used [132]. Additionally the tests were not
carried out on identically sized specimens. The intensity of research that was
focused on the Varestraint and Trans-Varestraint tests after the late eighties has
dropped compared to the years before that. Nevertheless research still continued
using various materials like stainless steels, duplex stainless steel and even

magnesium alloys [133-135]. The tests were even used in additive manufacturing

materials research like Inconel 718 alloy [136].

Figure 2.13 shows the inconsistencies discussed by gathering data for steel samples
from multiple sources where the Trans-Varestraint tests were used towards the

assessment of hot cracking susceptibility of materials.
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Figure 2.13: Trans-Varestraint data from multiple tests and materials (steel)
showing inconsistencies between results and examinations that are focused in the
range of 0 to 2.5% augmented strain mainly [69,127,132,137].
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Figure 2.14 provides with similar data to the ones presented in Figure 2.13 but it
outlines research that has been carried out in aluminium alloys. Data are focused
in the area of 0% to 2.5% augmented strain with multiple welding parameters and
specimen thicknesses. Furthermore the specimens used for the testing of these

materials were sheets of thickness below 10 mm.
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Figure 2.14: Trans-Varestraint data from multiple tests and materials (aluminium)
showing inconsistencies between results and examinations that are focused in the
range of 0 to 2.5% augmented strain mainly [69,127,132,137].

By focusing on identical or similar materials (2024 alloys) that have been tested
a number of observations can be made. The first observation is that the results
presented do not seem to approximate the suggested pattern presented in Figure
2.11. Figure 2.15 shows this clearer and by comparing these results to Figure 2.11

it appears that the experiments are limited to the area of the threshold strain.
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Figure 2.15: Crack length measurements from similar materials that were tested
either from the same or different studies referenced in Figures 2.13 and 2.14.

Another observation is that the results from these experiments in some cases are not
similar which suggests that the same material does not present the same hot cracking
susceptibility constantly. This is demonstrated clearly in the results of 2024 alloy
where using different welding parameters produces cracks of 1 mm to 4 mm at 2%
augmented strain. By looking at the welding parameters used for these experiments
the logical conclusion that welding parameters affect significantly the hot cracking
susceptibility of materials can be reached. However, when examined carefully, this
conclusion does not hold to scrutiny. The experimental procedure does not state
that different formers were used for different strains and the bending conditions
are also not stated. The fact that a significant amount of parameters was not
clearly set and replicated for these experiments renders the results incomparable.
Adding to that, the number of specimens used was not defined nor presented in
these studies. As a result it is not possible to arrive to conclusions concerning

the hot cracking susceptibility of these materials and it is not possible to extract
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repeatability measures since information of the amount of tests and specimens is

not presented.

The tests have also been through performance assessment. This assessment
concluded that these tests can be potentially used for assessing the hot cracking
susceptibility of materials but also pointed out that further research on the topic is
required [138]. Reviews that are focused on the hot cracking phenomena in welds
have also included these tests as prime candidates for assessing the hot cracking
susceptibility of materials, but one common and usual conclusion is that there is a
lack of standards and control for these tests [119,139]. There has also been a

discussion around the subject of standardization of these tests [140].

Recent research has also suggested an alternative setup in order to perform
Varestraint and Trans-Varestraint tests [105, 124, 141] which is suggested that it
will allow increased control of the test while at the same time the classic setup is
abandoned.  Despite these developments, a global agreement on how hot
susceptibility should be tested has not yet been reached. Some of the main reasons

preventing a standardized approach are:

e Lack of an optimal apparatus setup to conduct the experiments with.

Lack of a specific way to apply the augmented strain during the experiment.

Lack of an optimal strain rate that should be used for the experiment.

Lack of specimen specifications.

Lack of specification of welding time.

Taking under consideration that there have been more than 140 hot cracking test
procedures have been developed for determining the hot cracking
susceptibility [142], shows that assessing hot cracking susceptibility is an
important issue and standardized tests have always been integral to the assessment

of the properties of materials.

Additionally, investigators have recently stated that controlling the strain and strain

rate, during these experiments, is a challenging issue that has not yet been addressed
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[119]. These are key parameters that need to be specified since they are critical
to the mechanism of the phenomenon that is examined. Since hot cracking is a
strain driven phenomenon the control of the strain was considered as the primary

parameter that needs to be controlled if the experiments were to be improved.

2.4 Summary

Steel is a diverse material that has a lot of applications. HSLA steels comprise a
group of steel that has a low amount of carbon and its alloying elements are added in
very small concentrations. HSLA steels are manufactured by using a specific process
that is what gives them their properties. These steels are weldable and widely used
in the oil and gas industry for on shore and off shore applications. Welding is an
important part of this industry and because the applications are demanding and

critical a lot of research has been carried out around these types of steel.

The effect of their alloying elements in the microstructure and properties of the
steel is one aspect that has been examined along with how these elements affect
their welding properties and quality. Because the applications of the industry are
demanding, the welding defects that may occur have been researched as well, in
order to better control the welding process and if possible eliminate the possibility

of defects during manufacturing.

One of the critical defects that may appear during welding is hot cracking. Multiple
tests have been developed and introduced in an attempt to quantify hot cracking
susceptibility of materials with an ultimate aim to categorize materials according to
their hot cracking susceptibility. This endeavour has been proven to be challenging
and hard to achieve. Research to this day still tries to tackle this issue with various
results. One of the tests that have been used for this aim is the Varestraint test
and its alternative the Transverse Varestraint test. These tests were introduced
in the 60’s and despite the fact that their principal mechanism is valid, they were
proven to not always provide reliable and repeatable results. Additionally because

of the multiple methods that have been employed for these tests, standardization
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has proven difficult.
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Chapter 3

Experimental Process

This section will provide with information about the experimental processes that
were carried out during this study. For the processes that standards are available,
these standards will be referenced and outlined. Processes that do not have or do
not follow standards will be described in detail. Furthermore new methods and
processes that have been developed in order to achieve the objectives of this study

will be analysed in detail in this chapter.

The experimental procedures that were carried out for the purpose of this study
are organized in three groups. The first group of experiments focuses on the
characterization of the material that is the focus of this study. The material is API
5L-X65 steel provided by TATA steel for the purposes of this research. The second
group includes the small scale and industrial scale hot cracking susceptibility
experiments. The third group is the non-destructive testing, fractographic and
microstructural examination of the specimens generated from the hot cracking

susceptibility tests.

3.1 Characterization Methods and Material

Multiple characterization methods have been used for this study. Tests that have

been carried out were the following:

51
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e optical microscopy
e scanning electron microscopy (SEM)
e hardness tests

e crack tip opening displacement (CTOD) fracture toughness.

Each one of them will be analysed in the following sections. In order to conduct the
tests mentioned a sample of X65 steel was used (Figure 3.1). This part is a sample
extracted from a pipe that was manufactured using the process described in Section

1.3

Figure 3.1: Part of steel pipe manufactured from X65 steel a) top view b) side view.

For each experiment specimens were extracted from the main sample according to

the requirements of the test.

3.1.1 Microscopic examination

Microscopic examination (metallography, fractography) of specimens was carried out

using optical and scanning electron microscopy. The preparation of specimens for
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metallographic inspection was carried out according to ASTM E3-11 standards [143].
For the preparation of the metallographic specimens (sectioning, mounting, grinding,

polishing) the following equipment was used:

Buehler Abrasimet 250 Abrasive Cutter

ATM Brillant 220 cut off machine

Struers CitoPress-1 hot mounting press

ATM Saphir 520 metallographic grinder and polisher

Nital 2% (For etching)

For the consumables that were used for these processes a series of mounting material,

grinding papers, polishing pads and diamond suspensions from MetPrep were used.

Grain size measurements were carried out according to ASTM E112 standards for
determining average grain size [144]. The measurement was carried out using an
inverted microscope (Olympus GX51) and a circular intercept procedure. Grain
size measurements were carried out on sixteen sites (eight on either side of the
weld). The number and the position of the measurements will provide with enough
information to accurately determine the grain size of the material and also identify

potential differences on the grain size between the right and left site of the weld.

For the metallographic and fractographic examination of the samples microscopes
with a magnification range of X100 to X2000 were used. The stereoscopes had a
maximum magnification X36. The SEM parameters used a working distance of 5 or
10 mm, spot sizes from 3 to 5 and beam energy of 20kV. The equipment that was

used was the following:

e Olympus GX51 inverted microscope equipped with an Olympus SC30 camera.
e Olympus SZX12 stereo microscope

e Inspex HD 1080 stereo microscope
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e Phillips XL 30 ESEM
e FEI Quanta 650 FEG SEM

e F'EI Sirion 200 FEG SEM

3.1.2 Hardness testing

According to ASTM standards, hardness testing is a means of determining
resistance to penetration (or permanent deformation), which (in the case of ductile
metals) is occasionally used to approximate yield strength [145]. Hardness testing
is a procedure that is commonly used in industry and research and there are many
different methods for measuring hardness of materials [146]. Some of the most

common methods of hardness testing are the following:

e Knoop

Vickers

Rockwell

Brinell

Shore

Each method is carried out by using different ways of indenting a sample and
measuring its hardness. For this study the method employed for the hardness
measurements that were carried out was the micro hardness Vickers method. The
method was carried out using ASTM E384 standards as a guide [147]. Hardness
testing was carried out on specimens that were extracted from the sample
previously presented (Figure 3.1). The specimens were selected so that they will
include all the areas that required characterization (FZ, HAZ, BM) (Figure 3.2).
For the hardness measurements a Wilson Tukon 1102 hardness tester was used.
The measurements were carried out using a 0.2 kgf for a 10 second dwell time. The

position of the indents was in the form of a matrix that had 28 rows and 350
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columns for a total number of 9800 measurements. The distance between rows was
0.5 mm and between columns 0.2 mm. The measurements were done in an area of
70 mm x 14 mm (980 mm?). The equipment was calibrated before the hardness
measurements were carried out as ASTM E384 describes, by using standard test
blocks which were certified by the United Kingdom Accreditation Service (UKAS).
Their nominal hardness values were 213.7 HV02/2096 MPa, 512.1 HV02/5022
MPa and 636.1 HV02/6238 MPa.

A A

Figure 3.2: Specimen extracted for hardness measurements.

3.1.3 Fracture toughness of CTOD bend specimens

Fracture toughness is a measure that describes the resistance of a material to
failure due to crack propagation [148]. The test method for performing the tests is
standardized and described in ASTM E1290, ASTM E399 and ASTM
E1820 [149-151]. The standards that are used usually depend on the material that
is tested and its application. Previous work on fracture toughness of the X65 SAW
weld joint has focused in the fusion zone of the joint [39]. The work that was
carried out also revealed that Ti (C,N) have an important role in the fracture

toughness of weld joints because they act as crack initiation points [60].

The present study is focused on the SAW weld joint, on the fusion interface between
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FZ and HAZ of the X65. The change in the position of study will offer more
information on how the fracture toughness differs from site to site in a weld joint.
Furthermore, since hot cracks also nucleate at the interface of the FZ with the HAZ
obtaining more information on the fracture toughness is important. The issue is that
because of the shape of the weld joint the extraction of samples is challenging. The
process of manufacturing the specimens is as follows. The main part was sectioned
using wire cutting electrical discharge machining (EDM) to get slices from the part
in order to be machined afterwards. The shape and dimensions of the specimens
are in accordance to the ASTM 1820-01. The designs which indicate the cutting of
slices and the positioning of the specimens are in the following figures (Figure 3.3,

Figure 3.4).

It is essential to point out that because the fracture toughness experiment was
planned to be carried out with the notch placed at a position so that it contains
50% FZ and 50% HAZ the design and positioning of the specimens was crucial.
Each specimen was identified by its position and orientation relative to its original
position at the weld joint (ODF: Outer diameter of the pipe, IDF: Inner diameter of
the pipe). Before the specimens were notched and tested a preliminary examination

was carried out.
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Figure 3.3: Positioning of the specimens with allowance for material loss during
cutting. All measurements are in mm.
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Figure 3.4: Last stage of specimens before sending them to TATA steel. All
measurements are in mm.

The specimens were hardness tested and then they were etched in order to reveal
the fusion zone of the part. This helped identify the position where the notch needs
to be placed for the fracture toughness test. The examination of the specimens
revealed that there is a high probability that even if the notch is accurately placed
on the specimens it will not contain exactly 50% HAZ and 50% FZ because the weld
varies in width along the length of the pipe (Figure 3.5, Figure 3.6). This will cause

deviations on the samples.
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Figure 3.5: Etched CTOD specimens. a) front face where notch will be positioned
b) top face of the sample width of the weld changes.
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Figure 3.6: Difference in weld width.

Therefore, in order to identify the position of the notch for the fracture toughness

experiment, measurements were carried out on every specimen separately. For all the
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specimens the distance for the notch was measured from the front right face (Figure
3.5 a) of the specimen in order for the positioning of the notch to be correlated to
each specimen from a specific position. The measurements were taken as shown in

the next figure (Figure 3.7).

Weld
Direction ® \

Figure 3.7: Front face of CTOD specimens.

Right

As shown in the figure the distance for the position of the notch is measured on the
front face of each specimen and from the right side of the specimen which is marked
with an engraver on each specimen. The measurements for each specimen can be

found in the following table.

Table 3.1: Position of the notch measured as shown on Figure 3.7

Specimen Code X (mm) Specimen Code X (mm)

IDF001 48.83 ODF001 35.76
IDF002 50.29 ODF002 36.97
IDFO003 49.41 ODF003 36.00
IDF004 49.66 ODF004 36.86

After the position of the notch was identified the samples were machined according
to ASTM E1820-09. Figure 3.8 shows the dimensions of the specimens and the
drawing of the notch that was machined on the specimens. After machining the
specimens were pre-cracked. Pre-cracking was carried out by a fatigue pre-cracking
procedure with an initial maximum load of 3 kN and a minimum load of 0.3 kN. The
final maximum load was 1 kN and the minimum was 0.1 kN. On average pre-cracking
was carried out in 13000 cycles. Following pre-cracking the three point bend test
was carried out. On average the K Rate (The rate stress intensity factor increases

as the crack grows) was 1.85 MPa m'/2/s, the loading range was 0.125 kN /s and the
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displacement rate was 0.008 mm/s. The tests provided with values for the critical
stress intensity factor (Kjc), the plastic-elastic fracture toughness (J) and the crack

tip opening displacement (CTOD).

D |
L _
.y %

E SECTION E-E

1.30 2.50

J

DETAILD
SCALES: 1

3.50

—

Figure 3.8: CTOD specimens drawing. All measurements in mm.

The following figure (Figure 3.9) illustrates a force-clip gauge graph that was
obtained during the experiments. In order to determine the Pq value a line that
has the 95% of the slope that the original loading line has been drawn (red line).
The initial slope is drawn on the elastic line where the force-displacement
evolution is linear. The second line (blue line) is a line that goes through the
maximum load and has the initial loading slope. This line passes from the total

notch displacement point at the x-axis.
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Figure 3.9: Load-clip gauge graph (see Figure 3.10 for detail).
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Figure 3.10: Detail of Figure 3.9. Type one Load-Displacement record from ASTM
E399 standards [150].

The specimens that were used generated graphs that exhibit type one
Load-Displacement record [150]. From these graphs the area under a curve is also

calculated in order to obtain J as indicated by the ASTM standards and

illustrated in the following figure (Figure 3.11).
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Figure 3.11: Area under the curve calculation [151].

In order to better compare the amount of HAZ and FZ in each sample used, the
area at the FZ and the area of the HAZ were estimated. The method of the
calculation included the separation of the two areas using photo editing software
(Adobe Photoshop CS5) and then the area of the elements (pixels) that represent
the surface the area of each zone (FZ, HAZ) was measured (Figure 3.12). The
separation of the areas was carried out using the quick selection tool of the
software which selects areas with similar colour patterns under the guidance of the
user. This allows clear selection of the areas of interest with a relatively high
accuracy. After the selection and separation of the two areas was done the pictures

were cropped in order to keep only the areas of interest and then turned into a

black and white picture.

Fracture Surface

. : Fusion Zone Surface
s

Figure 3.12: Separation of FZ surface from the whole fracture surface.

To measure the area of each pixel the number of pixels that represent a known
length was measured and then divided by the number of pixels. This way, length

represented by each pixel was estimated to 0.004 mm and its area 1.6 x 10 mm?. By
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multiplying the area of one pixel with the number of pixels that represent specific
areas can provide with a pretty accurate estimation of the area represented. In
order to measure the area a small windows application was developed so that the
processed images could be used to measure the number of pixels in the area (Figure

3.13).

Open Bitmap |

File : IDFOO3 left full.bmp
Total Pixels = 1228462
Black count = 965958
White count = 262504
Total Count = 1228462

bmp ONLY

Figure 3.13: Pixel measurements for area estimation.

3.2 Weldability tests

For the weldability testing the Varestraint and Trans-Varestraint tests were used.
For the Varestraint tests a small scale rig was used. The small scale tests have
been used previously in conjunction with synchrotron X-rays in order to study the
phenomenon of hot cracking using EN1A, S303 and mild carbon steel [39]. The rig
consists of the following main parts (Figure 3.14): stable mount for a welding torch;
two actuators, one for moving the sample in order for a welding bead to be deposited
and one for applying the bend; the sample holder that carries bar shaped specimens
with an 8 x 8 mm with a length of 300 mm. The holder also has incorporated a

bending block of 30 mm radius.
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Figure 3.14: Small scale Varestraint rig.
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An industrial scale custom made Trans-Varestraint rig (Figure 3.15) was used in

the present study. The rig consists of a base on which the formers are placed. The
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specimen rests on the former with the moving actuators, powered by a hydraulics
unit, positioned on either side. The welding torch is suspended from a traversing

system that moves at a specified speed that is fixed during the experiment.
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Figure 3.15: Experimental setup for industrial scale Trans-Varestraint rig.

Both experimental setups aim towards assessing and quantifying hot cracking
susceptibility of materials. However both setups are not standardized and have
limitations on the way the experiments are carried out. Ideally both experimental
setups should have comparable results and similar methods for conducting these
experiments. However, the small scale rig uses a cantilever approach in order to
bend small square bar specimens over a former of a fixed radius. The industrial
scale rig uses a different setup that has the capability of bending thick plates in a

similar way a three point bend test does using different formers.

3.2.1 New method for conducting the Varestraint and

Trans-Varestraint testing.

In Section 3.2 the current state of the Varestraint and Trans Varestraint tests has
been described and some significant drawbacks have been highlighted. In order to

create a standardized testing methodology the following aspects must be addressed:

e Repeatability must be ensured by the use of a standard setup. The primary

parameter that affects solidification cracking in these tests is the strain applied



CHAPTER 3. EXPERIMENTAL PROCESS 67

on the weld, which is determined by the radius of the formers used according

to Equation 3.

e Standard discrete former radii, using either a selection table or selection graphs
(e.g. Figure 3.16), could be used to ensure the application of the desired strain,

according to the thickness of the specimen [138].

— Plate Thickness 10 mm
Plate Thickness 14 mm
Plate Thickness 18 mm
—— Plate Thickness 22 mm
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Figure 3.16: Selection of former radius according to desired augmented strain and
plate thickness using Equation 3.

e The required bending stroke that results in the required strain shall be defined.
Published research has not yet defined this relationship. Tests have instead
been carried out with a variety of formers, welding techniques and strain rates

[69,124,138,152,153].

e Appropriate measure for hot cracking susceptibility shall be identified and

defined.
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In order to obtain a method for conducting these experiments that will be repeatable
and produce reliable results an important parameter must be defined. It has been
shown by literature that the strain applied on the solidification front is of critical
importance. For this reason the behaviour of thick plates, that are the main subject
of this study, were examined by simulating their bend on a former as they do in
the industrial scale rig. By simulating in the most rudimentary way this relatively

simple setup the stresses and strains applied can be estimated.

An Abaqus CAE simulation of the bending of the plate was generated using a
standard /explicit model with both elastic and plastic properties for the material. For
the deformation of the plate a specific displacement was used. This was calculated
by an equation that will be analysed in this section. The properties of X65 steel
were obtained from API-5L standards. X65 has a yield strength in the range of
448-600 MPa and its tensile strength is in the range of 531-758 MPa. The number
65 in the X65 designation corresponds to its yield strength in psi which is 448 MPa
(65000 psi).

The initial results of the simulations showed the following. As the actuators push
the ends of the plate in order to apply the strain the plate plastically deforms to
the shape of the former and created a plastic hinge along the centreline of the plate.
This plastic deformation is localized in an area around the centreline of the bend.
Furthermore, because of the thickness of the plate and that it is not restrained
edge effects deform the edges of the plate and cause them to lift from the former.
This also increases the strain on the edges. The results of the simulations were also
compared and analysed with the experimental results and they will be discussed in

the discussion section of the thesis.

Nevertheless, because of the plastic hinge formation the plate is shaped according
to the former radius and the rest of the plate remains straight forming a tangent to
the former radius (Figure 3.17). The issue is that the strain applied in the centreline
is changing constantly as the plate bends. This revealed the issue that exists and
described on the application of the strain in these experiments. The fact that the
samples are thick plates of steel and that a plastic hinge is forming prevents the

bowing of the plate. This phenomenon is expected to be accentuated during the
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weldability experiments due to the increased temperature caused by the welding

process along the centreline of the specimen.

Plastic hinge

Figure 3.17: Abaqus simulation of bending an X65 plate around a former. Red
and blue regions highlight the edges of the plate that are deformed due to the edge
effects while bending the plate.

With a setup like this it appears that each test can have tree possible outcomes strain
wise. The specimens will either be under bent, over bent, or fully bent (Figure 3.18).
If the specimen is under bent the strain applied on the centreline will be less than
desired. If the specimen is over bent the strain will be more than desired. In order
to ensure that the strain applied matches the target strain the bend must form a

tangent to the surface of the former.

—AAA

Under Bend Full Bend Over Bend

Figure 3.18: Types of bends a) under bend which leads to under straining b) desired
bend c¢) over bend over straining.

To determine the required stroke to be used, a geometrical approach was utilised.

Since strain is a geometrical parameter, the basic parts of the test were used as
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a basis for the development of a solution (Figure 3.19). The test has a similar
geometric arrangement to a three point bend test with a former of a specific radius
that ensures that the centreline of the specimen is bent to a specific radius in order

for the target strain to be applied.

Plate & Former

-3

\ Bend]ng Actuators //'

Figure 3.19: Basic geometrical characteristics of a Trans-Varestraint test (where L =
Bending span; t = Specimen thickness; R = Former radius; W = Former half-width).

To improve reliability and repeatability, the length of bending stroke (labelled ‘S’ in
Figure 3.20) must be precisely controlled. The bending stroke must be sufficient to
ensure that the specimen will utilise the full surface of the former and will always

be in contact with it.
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Figure 3.20: The length that needs to be identified is the length of the bend stroke
(S).

The bending stroke may be derived from one half of the bending setup, setting the
maximum bend as the bend where the plate will follow a tangent line from the edge

of the former. Figure 3.21 illustrates the relevant geometry, where:
AA’: is the bending span between former centreline and actuator (L)
CC’: is half-width of the former (W)

DC’ and DA: is the radius of the former (R)

A’B’: is the length of the stroke (S)

Figure 3.21: Relevant geometry of bending setup.

From Figure 3.21 it can be seen that triangles AOB and A’OB’ are similar. Adding
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to that the angle formed between the sides AO and BO of the triangle AOB (referred

to as from now on) is the same as the angle that is formed by the sides DC’ and

DC from the triangle DCC’. This means that all the trigonometric numbers in that

are the result of these angles in these triangles will be the same. For this reason we

have the following.

For the triangle DCC:

w

g

sin 7
2 _ 1172
cosf = f w
tan@zL
R2 — 2

As triangles AOB and A’OB’ are similar:

AB A0  BO
AB ~ A0 ~ BO

2O — A'B
tan @
10 — AB
tan 6

(9)

(10)

(11)

A’O and AO are the length L and A’B’ is the stroke length S. So by adding these

Equations (10) + (11) we get.

I A'B’ N AB R
~ tanf  tané

S = Ltanf — AB

For the triangle DBC’

G—DO/ —
COoS =B
cosf = f —
R+ AB
2
AB:R;—R

RZ_WQ

(14)
(15)

(16)
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By substituting (16) to (13) we get

LW R?
S:\/R2—W2_\/R2—W2+R—> (17)
LW — R?

Equation (20) enables tests to be better defined and controllable. Each experiment
has a defined bending stroke that needs to be applied in order to introduce specific

strain on the centreline of the setup.

For the Trans-Varestraint test the weld bead should be applied at the centreline of
the specimen. At the start of the welding procedure the energy that is introduced
is used to form the weld pool. This process is different energy-wise compared to the
process after the weld pool is created and the weld bead is steadily deposited on the
material. During the second stage the heat transfer is stable and usually where big
samples are used is considered a quasi-steady state. The bend should be applied on
the sample during this stable state. Each test has three phases (Figure 3.22). At
time zero (point 1) the welding process initiates and the welding bead starts being
applied on the specimen at a fixed speed. Time two (point II) is when the bend
will be applied and it is defined by the welding speed and the length from point I
to point II (Equation (19)). This is identified by the term tII which indicates the

time it takes the welding torch to cover the disstance from point I to point II.

Distance between points I and 11
Welding Speed

(19)

tir =

After bending at point II the welding process continues so that the solidification
cracks have enough space to develop without being re-melted by the welding torch.
Recent research has estimated that solidification cracks propagate at a speed
between 2-3 mm/s [81]. Therefore, for a weld bead of depth 2-3 mm and a welding
speed of 3mm/s the welding process should continue for at least 1 second after the

bend. When point 11T is reached the welding process stops.

For the Varestraint test the setup and execution is the same with only two

differences. The welding bead is applied perpendicular to the centreline of the
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sample. The bend must occur when the molten material is present at the
centreline of the bend in order to ensure that the maximum strain will be applied

to the solidification front.
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Figure 3.22: Trans-Varestraint test setup.

3.2.2 Small scale weldability tests

The experimental procedure for the small scale Varestraint test is the following.
The specimen is mounted on the rig and the actuators are set to their initial

position. The welding process initiates and the traverse actuator starts moving the
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specimen in order to deposit the weld on it. Towards the end of the welding
process the bending actuator bends the specimen and then the welding process
and the experiment is finished. Because the rig does not have an interchangeable
former the experiments were carried out in the following way. To apply a different
strains for each experimental set the bending stroke was varied. Because the
actuators can be controlled with the computer (on the scale of ms) after the
upgrade, the amount of time that the actuator would bend the specimen could be
accurately controlled. For this reason the tests were carried out using the same
former but different stroke lengths. Tungsten inert gas (TIG) welding was used
with: welding speed, 2.6 mm/s; amperage, 98-112 A; voltage, 10 V; and reversed
polarity (-ve). Each test was 15 seconds long. The process was as follows. Welding
was initiated at the start of each test and continued for 15 seconds when it was
terminated. After 12 seconds from the initiation of the test the bend was applied

to the specimen.

Table 3.2: Specimen list for Varestraint experiments organized according to stroke
length applied

Time of Stroke (ms) Stroke Length (mm) Specimens

100 13.5 VA1001,VA1002,VA1003
200 27.0 VA2001,VA2002,VA2003
300 40.5 VA3001,VA3002,VA3003
400 54.0 VA4001,VA4002,VA4003
500 67.5 VA5001,VA5002,VA5003
600 81.0 VA6001,VA6002,VA6003
700 94.5 VA7001,VA7002,VA7003

3.2.3 Industrial scale weldability tests

The specimens used for the tests were plates of X65 with dimensions of 500 x 150
x 24 mm. To validate the method described a series of eight tests was conducted
with target augmented strains between 2 — 11%. Eight different formers were

manufactured (Table 3.3) to control the radius of the bend, with radii determined
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by the equation for augmented strain (Equation 3).

Table 3.3: Radii of bending formers, stroke length and specimen codes according to
augmented strain for X65 steel.

Augmented Strain Former Radius Stroke Length

Specimens
(%) (mm) (mm)
2 600 14 TVA 2.1, TVA 2.2, TVA 2.3
3 400 20 TVA 3.1, TVA 3.2
4 300 27 TVA 4.1, TVA 4.2, TVA 4.3
6 200 40 TVA 6.1, TVA 6.2, TVA 6.3
8 150 54 TVA 8.1, TVA 8.2, TVA 8.3
9 133 61 TVA 9.1, TVA 9.2
10 120 69 TVA 10.1, TVA 10.2, TVA 10.3
11 109 76 TVA 11.1, TVA 11.2

A strain gauge was set 10 mm from the long edge of the plate near the initiation point
of the welding process (as seen in Figure 3.15). The strain gauge was 20 mm away
from the initiation point of the weld. Considering that the welding process generates
heat and strain gauges are sensitive to temperature changes a number of things were
examined during the experimental process. First of all it was assumed that since
the welding procedure is not stable when it initiates, the welding torch moves 3.5
mm/s away from the strain gauge and the plate has a significant thickness that
facilitates heat conduction the temperature on the strain gauge would not increase
at levels that would affect the measurements. Furthermore, the moment that the
plate would bend the weld pool would be 100 mm away from the strain gauge. This
assumption was further supported by both experimental data and FEA simulation
of the bending of the plates. The following figure (Figure 3.23) illustrates this and

the FEA results will be presented in the results section.
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Figure 3.23: Strain gauge measurements while welding process is active. Blue line
indicates the distance the welding torch has from the strain gauge.

Using the method, described in Section 3.2.1, tests for the required combinations
of strain and stroke length were carried out (Table 3.3). Tungsten inert gas (TIG)
welding was used with: welding speed, 3.5 mm/s; amperage, 225 A; voltage, 12 V;
and reversed polarity (-ve). Each test was 25 seconds long. Welding was initiated
at the start of each test, 30 mm from the long edge of the plate and continued for 25
seconds when it was terminated. The bending process was initiated at 23 seconds.
This allows for the process to reach a steady state and to leave some space for the

welding process to continue.

One specimen was bent without welding in order to verify that the strain applied,
using the described method, was the intended strain. For that experiment, data was

obtained from 4 strain gauges placed on the plate (Figure 3.24).
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Figure 3.24: Strain gauge positions on plate.

This test was carried out because it was not possible to place strain gauges near the
point where the cracks would appear during the test because they would not survive
the welding temperatures. Given that the test includes a welding process it was
only possible to include one strain gauge at the edge of the plate. The industrial
Trans-Varestraint tests were also carried out on EN3B steel in order to obtain a
dataset for comparison to the one obtained from the X65 steel. EN3B was chosen

because it is known to be susceptible in hot cracking.

3.3 Post processing of weldability tests — Hot

crack characterization

After the tests were carried out the specimens were photographed and examined
using the Inspex HD 1080 stereo microscope in order to record the cracks as described
in Section 2.3.2 (Figure 2.9). After all the required measurements were carried out
and recorded two more tests were carried out on the specimens and samples extracted

from them.

3.3.1 Liquid Dye penetrant (NDT)

Non-destructive testing (NDT) is a wide group of analysis techniques that is

commonly used to test weld joints [74]. NDT is an integral part for industry
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because when products are manufactured it is important to identify faults during
production that will lead to failure. This identification of defects must take place
without compromising or damaging the product [154]. The field of NDT has been
extensively researched. At this point of time more than two hundred distinct NDT
methods can be identified [155]. NDT for assessing weld quality is a common
practice in the oil and gas industry [156,157]. Non-destructive testing using liquid
dye penetrants was carried out on selected samples from each experimental set

(Table 3.3). For the tests the following consumables were used:

e MR CHEMIE MR® 68 C Penetrant red and fluorescent
e MR CHEMIE MR® 85 Remover

e MR CHEMIE MR® 70 Developer white

For the testing ASTM 1417 — 99 was used as a guide [158]. The process was
carried out on all samples. Briefly the process can be described as follows. Use the
remover to clean the surface well with a clean cloth. Wait for the remover to dry
out completely (5-10 minutes). Shake the penetrant spray well, apply it on the
weld and wait for 10 minutes. Remove the excess penetrant with a cloth and apply
remover to the cloth in order to clean well. After cleaning apply the developer by

spraying towards one direction only and then wait for the indications to appear.

3.3.2 X-ray computer tomography

X-ray CT (XRCT) has been used to identify defects, pores, cracks in materials with
success [159-161]. In order to obtain more information on the hot cracks that have
been generated from the weldability tests XRCT was carried out. The working
principal of XRCT can be described as follows. The setup consists of an X-ray
source that generates the X-rays. The X-rays pass through the samples but as the
beams interact with matter they either get scattered or absorbed by it depending
on the properties of the material. This results in only a percentage of the beams

reaching the detector. In order to generate a three dimensional model of the sample
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the sample rotates and multiple projections are obtained. This results in multiple
images of the sample at different orientation. These images are used in order to

reconstruct a three dimensional representation of the scanned sample.

Detector

Rotating Sample

X-Ray Source

Figure 3.25: Working principal of X-ray computed tomography.

Samples were selected and specimens were sectioned in order to perform XRCT
scans for three-dimensional sub-surface crack imaging and measurement. From each
group of tests one sample was selected to be sectioned in order to observe how
the cracks evolve at different levels of strains. Samples were sectioned to a size
of a maximum thickness of 10 mm because of the limitations that X-rays have in
penetrating steel [162]. As the volume in which cracks develop is limited to a specific
point of the welds, extracting small enough samples, for XRCT, is feasible. A Nikon
Metris X-TEK XT H 225 CT scanner was used with a rotating tungsten target
and a 1 mm copper filter. The beam had an accelerating voltage of 150 kV and a
current of 170 A. 1500 projections, each with a 2 s exposure, were acquired during
each scan with the option to minimize ring artefacts enabled. Reconstruction of the
scans was carried out using Nikon CT Pro 3D software. For the measurements and
identification of the cracks on the specimens VGSTUDIO MAX 3.0 software was

used.
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3.3.3 Fractography

After XRCT examination the specimens were prepared in order for the cracks to be
examined using an SEM (Quanta 650 FEG SEM). In order to open up the cracks
without damaging them the following process was followed. The specimens were cut

using precision cutting equipment along the centreline of the weld (Figure 3.26).

Hot Crack

Sections

Figure 3.26: Sections on Trans-Varestraint specimen in order to expose the hot
cracks.

The cut was carried out without the use of cooling in order to avoid contamination
of the hot cracks. The cuts stopped 2-3 mm before the area of interest from both
sides of the cracks. Following this preparation the specimens were quenched in liquid
nitrogen and broken open. As a result the cracks were opened and were put in the

SEM and examined using a voltage of 20 kV and spot sizes between 5.0-6.0.

3.4 Summary

Initially the material was characterized using metallographic inspection of the weld
joint, hardness measurements and CTOD fracture toughness measurements.
Following the characterization, a new method was introduced for carrying out the
Varestraint and Trans-Varestraint tests which has a goal of the improved control of

augmented strain applied during these tests. The method is based on the fact
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when using a former with a specific radius the stroke length affects the strain
applied on the sample. This means that if the radius of the former must dictate
the strain applied there must be a specific stroke length that will apply the desired
strain. In order to validate the method it was used in small scale Varestraint tests
and industrial scale Trans-Varestraint tests. After the tests were carried out the
samples were examined using NDT methods and then by XRCT in order to better
measure, quantify and study the hot cracks generated by these tests. Finally the
samples were prepared to open up the cracks generated from the experiments in

order to be examined using a FEG SEM.



Chapter 4

Small Scale Varestraint Rig
Upgrades

In this chapter the updates that were carried out on the small scale Varestraint rig
will be described. Initially the state that the rig was received will be described and
then the proposed upgrades will be presented.

4.1 Initial state of the rig

The small scale Varestraint rig that was used was designed for a previous study [39],
as already mentioned, in order to be used in conjunction with synchrotron X-rays for
the study of hot cracking. The rig was powered by a 12 V battery and the movement
of the actuators was controlled using switches. This setup was used successfully but
the following drawbacks were identified during the examination of the rig. The
battery adds significant weight to the rig which is in its entirety made of steel and
weighs 100 kg. Furthermore by controlling the rig using switches the possibility of
errors occurring is increased plus depending on the operator the amount of time the
actuators will move will vary. In order to improve the control of the experiments
and the rig overall some alterations/upgrades were carried out. The rig utilized the
following setup for its control. The commercial accessories and components in Table

4.1 were used.

83
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Table 4.1: List of commercial accessories used in the small scale Varestraint rig

Part Product Name Product Code Maximum Force Supply Voltage MAX Current QTY
Traverse LINAK Push 750N
121000-10401201 12VDC 4.6A X1
Actuator LA12 Pull 750N
Vertical LINAK Push 500N
365F75-10150A20 12VDC 26A X1
Actuator LA36 Pull 500N
Actuator LINAK
Control Marquardt — TR-1939.3314-00 X2
Switches Rocker Switch
DC
LINAK
Motor 10-35VDC 30A X1
TR-EM-288
Controller
DC Motor
LINAK
Controller X1
TR-EM-236
Programmer

For that original setup of the rig the programmer is used to setup the controller that
drives the actuators. Once the controller is programmed (speed of the actuators is
set), the user uses the switches to primarily control the traverse actuator to push the
sample into the desired position and to apply the weld. Then the traverse actuator
is turned off and the second switch is used for the vertical actuator to bend the
specimen. Since all the components that are used can work using a supply of 12

VDC a car battery is used to power the system.

4.2 Proposed upgrades

From what has been described, a significant number of improvements can be
implemented in order to improve the performance of the rig. The improvements
can be divided in three main categories.

e Power supply upgrade

e Control upgrade
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e Data logging upgrade

Each category can be further divided in different levels/steps of upgrading that will
be analysed further. At this point it must be stated that the amount of upgrades
and their levels that can be achieved in the scope of this research varies and it
depends mainly on the amount of weigh that will be put on them. Adding to that,
given that the researchers’ main field of work and specialisation is not in embedded
systems and digital control, the changes will lead to improvements on the one hand

but it is sure that there will be room for further improvements in the future.

4.3 Power Supply Upgrade

Using a battery to power this kind of equipment may provide with sufficient power to
use the equipment but the power source cannot be easily monitored and controlled.
Electronic equipment in general is sensitive to non-normalised power inputs and
usually require regulated power inputs in order to perform accurately and reliably.
Adding to that the cost of replacing a battery is significant and the use of a proper

power supply will reduce both the cost of running the rig and its total weight.

The way the power supply of the rig can be improved is described in the following
figure (Figure 4.1). The upgrade at this point can be achieved in two different
levels. The first level is the most direct one and the one actually used for this
project. Replacing the battery with an appropriate power supply that can drive
all components of the rig safely and regulated. This will also provide with a basic
level of protection in order to avoid problems with the power causing faults to the

components.

The second level is the use of a more sophisticated power supply that can provide
with multiple power lines that can supply multiple circuits with different voltage
and ampere parameters. This will provide with better control of the power supply
of the equipment plus it will provide with additional power lines that can be used

in the future for other parts if needed.
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Direct replacement of battery with a Switching
Power Supply

POWER SUPPLY

Clustered Power Supply that will have the op-
LEVEL 2 tion of providing multiple lines of power with
different parameters each line

Figure 4.1: Power supply upgrade in levels.

4.4 Control Upgrade

The use of switches to control the movement of the actuators is sufficient but not
fully controllable. There is no way for a person to accurately control the actuators
and make them move in the exact same conditions every time. Thus leading to
differences on the timing when the switches are pressed to move the actuators.
Adding to that accidents may occur if the user presses the wrong switch at any

point.

These accidents may just cause a loss of specimens but they can also lead to damages
on the actuators that will prevent the rig from functioning. Controlling the rig using
a PC or a laptop will increase the repeatability of the experiments and the control
of the rig will be improved overall. The following figure (Figure 4.2) describes the

ways that the control of the rig can be improved.



CHAPTER 4. SMALL SCALE VARESTRAINT RIG UPGRADES 87

Control movement of actuators electronically
using a PC/laptop.

Control movement and speed of actuators
LEVEL 2 ) )
electronically using a PC/laptop.

RIG CONTROL

Control movement and speed of actuators
electronically using a PC/laptop.
Control the welding torch electronically using a
PC/laptop.

Figure 4.2: Rig control upgrade in levels.

These upgrades have been implemented at LEVEL 1 and provided with a significant
control of the rig. There can be further improvements in the future that may increase
the productivity and the amount of results that can be extracted by the Varestrain

rig further.

4.5 Data Logging Upgrade

Given that a computer will be involved in the control of the rig the option of logging
data electronically is becoming available. The amount and the quality of the data
that can be recorded will improve the data output of the experimental procedure.
Adding to that, it will provide with the opportunity of more intensive design of

experiment with increased data output from the rig.

The amount of data and their quality is proportional to the amount of control the
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computer has on the rig. Additionally, the amount of sensors and measurement
points the equipment has in total also adds to the data. The only data that were
recorded from these experiments were data that were extracted from post
experimental examination of the samples or in the case of in-situ experiments the

data that were extracted from those experiments.

The only data that the user can get are the parameters that are already set in the
controller of the speed and the time (in seconds primarily, millimetres secondarily)
that the user is calculating and recording when the experiment is conducted. The
way the data logging can be upgraded and the levels that can be achieved are
described in the following figure (Figure 4.3). For this project the data logging was
implemented at LEVEL 1.

Log and create a timeline of the experiment
based on when and for how long actuators
moved

Log and create a more accurate timeline of the
LEVEL 2 experiment based on when, for how long and
the speed actuators moved

DATA LOGGING

Log and create a more accurate timeline of the
experiment based on when, for how long and
the speed actuators moved plus the when the
welding was initiated and when it was ended

Figure 4.3: Data logging upgrade in levels.
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4.6 Technical details of the upgrades

In order to upgrade the experimental setup, in this study the following changes were
carried out in order to facilitate the integration of a computer with the rig. Table

4.2 shows the components used.

Table 4.2: Components needed for the upgrade

Operating or Output Output

Component Product Code
Voltage Current
Micro-controller board  Arduino Nano 7-12V
Switching power Supply  PSP-600-12 12V 50A
DIP Series Reed Relay ~ D1A051D00 5V 1A

The updates of the control are described in Figure 4.4. The battery has been
replaced by a more reliable power supply. The role of the switches that controlled
the actuators is substituted by the control unit that was introduced and used to

send signals to the actuator drivers in order to move the actuators.
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Figure 4.4: Schematic of the upgraded setup for the small scale Varestraint rig

This setup was separated into two sections. One section was the control section
and the second was the power section. As Figure 4.5 shows, the Arduino Nano and
the relays are housed in a box that also has LED indications about the movement
of the actuators. This is connected to the power section that takes as input the
commands of the control sections (just like the switches used to do) and the output
is the movement of the actuators. This allows for increased control of the actuators
since the time that the actuators will move forward and backward is controlled by

the Arduino digitally.
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Figure 4.5: Control section (blue dashed lines) and power section (red dashed lines)
of the small scale Varestraint rig setup.

4.7 Implementation

The upgrade of the Varestraint experimental rig can occur in multiple stages. At this
point it must be made clear that not all the possible upgrades will be implemented for
this project. This is due to the amount of time and research required to achieve these
upgrades and the fact that the scientific field that this project is based on is materials
science and not embedded systems or digital control. Despite these limitations the
introduction of a low level automatic control of the experimental rig will certainly
lay the foundation for further improvements in the future. For these reasons all the
upgrades were carried out to Level 1. The first step that was realised was to solve
the powering issue of the rig. A switching power supply replaced the current setup
that required a battery to power the rig. Continuing, the electronic components
were used to replace the switches that were used in order to control the movement
of the actuators (not their speed). For this upgrade a printed circuit board was
designed in order to accommodate the electronic components described previously.
During the circuit board design the software that will control the components, the
DC motor controller and will create logs of the process was developed. Phase one of
the upgrades that will cover the level 1 that is discussed previously will be considered

completed after the completion of the testing of the rig after these steps have been
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implemented. After the completion of phase one the basic control of the rig will be
achieved. This will be considered the groundwork for future upgrades. The future
upgrades can include the following. Digital control of the speed of the actuators.
This will increase the level of upgrades to level 2 for the control and logging parts
of the equipment. It will also provide with even better control and more data
to be obtained from the rig. After these phases the possibilities of upgrades and
improvements spreads in many fields. For example thermocouples or other sensors
can be introduced to the rig and use an updated interface to get more data from
the experiment. Another possible upgrade is to also control the use of the welding
torch (ON/OFF) from the computer to eliminate the need for the user to control
when the weld starts and stops. Adding to that sensors that provide feedback from
the actuators can be added in order to avoid overloading them or even to calculate

the force that the bending actuator applies on the specimens.

4.8 Summary

When conducting an experiment the control of the parameters of the experiment is
essential. Adding to that the amount of data that can be extracted from an
experimental process is also essential. This means that when an experimental
process is being developed it is critical for the process to be designed to produce as
much data as possible in order for them to be studied and analysed. The
experimental Varestraint rig that was designed to study the hot cracking
susceptibility of steels and has already been used in combination with a
synchrotron light source has produced a significant amount of date. Its use is
based mainly on manually manipulating welds and specimens and the focus was
the collaboration with synchrotron light sources. This leads to data being
extracted mainly from the x-ray scans and the post examination of the samples.
But the parameters and data that occur from the setup itself are minimal. The
possibility of upgrading the equipment and laying the groundwork for further
improvements for future upgrades was discussed. The focus at this point it to

implement a basic level of digital control to the rig in order for the experimental
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parameters to be better controlled and possibly provide with some usable data for
further analysis. This can be achieved by introducing some electronic components
that will provide the user with the option to control the rig using a PC/laptop and

record the timeline of the experiment in a consistent and repeatable manner.



Chapter 5

Experimental Data

This section will present the experimental data obtained using the methods described
in the previous chapter. The section will initiate with the general characterization
of the API-5L X65 steel and proceed to the weldability tests that have been carried

out.

5.1 Characterization of API-5L X65 pipe sample

5.1.1 Microscopic Examination

Both optical and scanning electron microscopy was carried out in all regions of the
weld joint, from which a composite image was made. Figure 5.1 shows all the regions
of the welding joint. From left to right the regions are the base metal (BM), the
recrystallization zone (RZ), the heat affected zone (HAZ), the coarse grained heat
affected zone (CG-HAZ) and the fusion zone (FZ).

94
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».

Figure 5.1: SAW weld Joint of X65 steel (optical microscope) I) Base Metal (BM)

IT) Recrystallization Zone (RZ) III) Heat Affected Zone (HAZ) IV) Coarse Grained
HAZ (CG-HAZ) V) Fusion Zone (FZ)

Analysis of the FZ (Figure 5.2) revealed columnar grains with a specific orientation

towards the heat source. The microstructure of the region is predominantly acicular

ferrite (AF).

Figure 5.2: Microscopy of FZ a) columnar grains oriented towards the heat source.
b) acicular ferrite dominated structure with small regions of polygonal ferrite.

Closer examination of the FZ (Figure 5.3) confirmed that the structure is mainly

AF with some polygonal ferrite phases also present.
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Figure 5.3: SEM image showing the acicular ferrite dominated structure of the FZ
with some polygonal ferrite present.

By examining the BM on both sides of the weld, areas that contain predominately

ferrite(Figure 5.4)

Figure 5.4: a) BM left of the FZ b) BM right of the FZ ¢) SEM image of ferritic

structure.
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The grain size measurements were carried out according to the ASTM E112-12
Standard test method for determining average grain size. The method used was a
general intercept procedure at a magnification of 1000x as shown in the following

figure (Figure 5.5).

Figure 5.5: Intercept pattern for a field.

Measurements were carried out on the base metal (BM), on eight (8) sites on the
right side of the FZ and nine (9) sites on the left of the weld zone. Standards state
that in order for the grain size measurements to be valid the relative accuracy (RA)
of the measurements must be below 10%. This value indicates the percentage of
variation between measurements. The measurements on both sides of the FZ had
an RA below 10%. Both sides of the BM have the same grain size of ASTM G 12.5
(4.7 um = 0.4). Nevertheless there are some small differences between the two sides
of the weld in the BM as shown in the following graph. (Figure 5.6). It appears
like the average intercept length on one side of the weld is slightly below the other.
Despite that difference both sides of the BM are classified at ASTM G 12.5.
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Figure 5.6: Graph illustrating the intercept length measurements and the differences
between left and right areas of the FZ.

5.1.2 Hardness testing

As described previously (Section 3.1.2), hardness measurements were carried out.
Before measurements were carried out the hardness tester used was calibrated and
a correction curve generated in order to adjust the indication that the hardness
tester was providing. The following figure (Figure 5.7) indicated that at the range
of hardness between 400 HV02/3923 MPa and 600 HV02/5884 MPa there is a slight
deviation of the measurements from the nominal values. Nevertheless, according to

ASTM standards the values are repeatable and these deviations can be corrected.
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Figure 5.7: Correction curve for Tukon hardness tester.

A hardness map of the weld joint was obtained using this hardness tester. The
test block (Figure 5.8) had a surface with dimensions of 78.50 x 18.80 mm and a
thickness of 14.75 mm. A matrix of HV02 measurements was obtained with 28 rows

and 350 columns resulting in 9800 hardness measurements.

ﬂﬁlﬂ IIII|IIII IIII|IIH HH‘HEI HII‘EHI IHI'IIII IIII’IIII |II|‘|Iil
1 2 4 s | 10

Figure 5.8: Test block used for hardness maps.

The hardness measurements presented (Figure 5.9), showed a clear difference in
hardness that corresponds to the main areas of the weld (FZ, HAZ, BM). Hardness
of the FZ has an average of 235.3 HV02 4 7.4. BM has an average hardness of 198.4
HVO02 4+ 5.9 and the heat affected zone has an average of 179.8 HV02 + 4.9. This
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figure also indicates that the heat affected zone of the weld joint is not completely

symmetrical as far as hardness is concerned.

Hardness HV02
2680

Figure 5.9: a) Microscopic image of hardness measurements b) hardness map on
sample

By examining the map closer it becomes clearer that the hardness distribution on
the weld joint is not symmetrical but the key areas of the weld joint can be identified

as shown in the following figure (Figure 5.10).

Hardness HV02

265.0

2523

239.6

226.9

2143

201.6

188.9

176.2

163.5

Figure 5.10: Hardness map and correlation with the zones created during welding.
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5.1.3 Fracture toughness CTOD

Samples were subjected to a three point bent test to measure their fracture
toughness. The results of the tests are presented at Table 7.1 (Appendix A). At
this point it must be noted that the expected properties of Kic could not be
obtained because the size of the specimens did not comply with the ASTM
standards so the value that the experiment did provide was not the K;¢ value but
the Kq value. This is primarily because as it is mentioned on the ASTM E399- 09
standards in paragraph 9.1.3 in order to be able to calculate Kjc the ratio of
Pmax/Pq must not exceed 1.10 in order for the test to be considered a valid Kic
test [158,163]. The average ratio of Py.x/Pq for the experiments that were carried

out was 2.09.

In order to meet the requirements of the standards and obtain a valid K;¢ value the
specimen must be bigger. In the specific situation where there is a need to measure
the fracture toughness in specimens taken from a pipe where the notch contains
50% HAZ and 50% FZ this is not possible. This leads to elastic-plastic fracture
toughness results. Another check that must be carried out is that crack lengths are
measured so that each individual measurement is within the limits oy - 0.05B < o
< ap + 0.05B. Tables 7.2, 7.3 (Appendix A) include the crack length measurements
that were taken and their limits. It is shown that on the IDF003 the first crack

length is barely out of the limits.

The experimental results obtained were compared with previous results on the same
type of specimens [39]. Previous tests were carried out with the notch placed 100%
in the fusion zone. Results showed that the fracture toughness of 50% HAZ 50% FZ
specimens is lower than the fracture toughness of the 100% FZ specimens (Figure

5.11).
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Figure 5.11: Fracture toughness values (RED) 100% FZ work carried out by Lee
Aucott [39], (BLACK) 50% HAZ 50% FZ.

After the testing was complete the specimens were broken and the crack length was
measured according to ASTM E1820-09 standards. This was done in order to get the
data needed to calculate basic values of parameters for the fracture toughness. In
order to separate the crack length caused by the test and the crack that was caused
from the breaking of the specimens the specimens were dipped in liquid nitrogen

before they were broken in order to force a brittle fracture.

By examining all the specimens macroscopically two basic observations can be made.
The first one is that the surface of the specimens examined does not have exactly
50% FZ and 50% HAZ. Measurements that make that clear are illustrated in the
following figure (Figure 5.12).
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Figure 5.12: Length measurements comparing HAZ and FZ on the fracture surface.

The following table (Table 5.1) contains the results of these measurements and the
diagram following this table (Figure 5.13) shows the comparison between the two

areas.
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Table 5.1: Area estimations for fracture toughness specimens

104

IDF

(Inner Diameter of Fusion)

ODF

(Outer Diameter of Fusion)

001 002 003 004 001 002 003 003
‘Whole
Surface 15.7 15.4 15.1 15.9 14.4 14.0 16.8 11.3
area (mm?2)
FZ Area
5.9 9.1 7.4 13.1 6.3 7.6 6.7 9.9
(mm?2)
HAZ Area
8 6.2 7.6 2.8 8.0 6.3 10.1 5.3
(mm2)
Percentage
of 37.54 59.32 49.52 82.36 44.15 54.62 39.99 52.68
FZ area (%)
Percentage
of 62.46 40.68 50.48 17.64 55.85 45.38 60.01 47.32
HAZ area (%)
100 5
80 41%
Ll 50%
= 70
3 60
I 4
@ 50
E i 0,
é 40_, 82%
&) 307_ 59% 50% 55% 53%
O | T T T T T T T T
IDF001 IDF0O02 IDF003 IDF004 ODFOC1CDFO020DF003CDFO04
Sample
Figure 5.13: Comparison between FZ and HAZ areas.
The second observation has to do with the fracture surfaces themselves. As it is

shown in the following figure (Figure 5.14) the fatigue crack length differs between
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the FZ and HAZ. It seems that the fatigue crack length of the areas of HAZ is longer
than the length of the FZ.

B L T T S B

Figure 5.14: Difference in crack length between FZ and HAZ.

SEM examination of the fracture toughness specimens revealed that the fracture
surface differs within the same specimen. As shown in Figure 5.15 the interface
between the FZ and HAZ is visible and the morphology of the fracture differs
between them. Both areas present with a ductile fracture but the FZ has very
small and uniform dimples compared to the HAZ which has larger and deeper

dimples.

gn Det WD | | 200 um
x SE 49

Figure 5.15: Interface between fusion zone and heat affected zone in fractured
specimen (I: Ductile fracture in FZ with a fine morphology and small dimples, II:
ductile in HAZ with larger dimples) interface between the two zones indicated by
red dotted line.
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5.2 Weldability Tests

5.2.1 Small Scale Weldability tests

X65 steel samples were subjected to a small scale Varestraint test as described in
Section 3.2.2. The tests were carried out as designed with only the addition of one

extra sample at the following sets.

e At stroke length 54.0 mm (VA4004)

e At stroke length 94.5 mm (VA7004)

The reason for these additions was because one of the original three specimens for
each set was slightly over-bend. A general view of the welded samples is shown in

the following figure (Figure 5.16).

| i
I: Weld initiation
I1: Bend Initiation
I1l: Weld Termination

Figure 5.16: Small scale Varestraint specimens set of VA600 and a schematic outline
of the experimental procedure.
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Samples were examined under a stereoscope and measurements of MCL and MCD
were taken as shown in the following figure (Figure 5.17). As the figure shows the
MCL was measured for each crack present along the axis of the crack. On the other

hand MCD was measured along the centreline axis for each crack.

e J { .‘.“ - ’
W% % Crack Distanc

x5

Solidification Cr,p k
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ME, N ‘F‘ac'k Length
J C g

Figure 5.17: Solidification cracks on X65 sample. (VA7002: Stroke length 94.4mm)

After all the measurements from all the specimens were recorded the TCL was
calculated and plotted in a graph of TCL vs stroke length (Figure 5.18 ). The results
showed that as the stroke increases the TCL also increases and does not show any
indications of reaching a saturation point. This is shown by the red indicative line

in the graph.
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Figure 5.18: Total Crack Length vs Stroke Length of all Varestraint test specimens.
Red line shows that the trend of the TCL does not exhibit any saturation point.

Measurements of MCD of the same specimens were plotted against the stroke length
in order to view the evolution of the MCD as stroke increases. The results (Figure
5.19) provided indications of a possible threshold and saturation points like the
one described in Figure 2.11 in Section 2.3.2. However the shape of the line that
describes the evolution of MCD does not clearly have the shape described in Figure
2.11. Nevertheless because the maximum stroke length of the experimental setup
was 94.5 mm the possible actual saturation point could not be clearly identified. It
can only be assumed that the experiment approaches some saturation point given

the limited amount of liquid metal during the process.
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Figure 5.19: Maximum Crack Distance vs stroke length of all Varestraint test
specimens. Red line shows that the trend of MCD exhibits a possible saturation
point.

At this point it must be noted that for all the experimental data obtained, multiple
fitting methods were tried in order to examine if the evolution of the crack lengths
fit the theoretical one (Figure 2.11). There is not currently a mathematical model
in order to attempt to fit the data obtained to it. The following tables (5.2, 5.3)
show that the small scale varestraint test results do not seem to be able to provide

with an accurate enough model that reflects the evolution of hot cracks.

From the parameters shown in the tables it is clear that MCD is a more reliable
parameter to observe for these tests. This is evident by comparing the sum squared
error (SSE) performance between MCD and TCL. MCD has a significantly less SSE
value from TCL regardless the fitting equation used. Nevertheless, both TCL and
MCD fittings have low R-Square and adjusted R-Square values which are indicating

low accuracy.
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Table 5.2: TCL vs Stroke Length for the small scale Varestraint test

Fit Type SSE  R-Square Adj R-sq
a*sin(b*x+-c) 1.426 0.639 0.533
a-tanh(b*x+c) 1.427 0.639 0.603
a*x+b 1.467 0.629 0.611
a*exp(b*x) 1.504  0.619 0.601
atatan(a*x+b) 1.576 0.601 0.582

Table 5.3: MCD vs Stroke Length for the small scale Varestraint test

Fit Type SSE  R-Square Adj R-sq
a*sin(b*x+-c) 0.039 0.610 0.495
a*exp(b*x) 0.040 0.601 0.582
a*x+b 0.041 0.587 0.567
a+atan(a*x+b) 0.041 0.586 0.566
a+tanh(b*x+c) 0.100 0.000 -0.100

5.2.2 Industrial Scale weldability tests

X65 and EN3B samples were tested using the industrial scale rig as described
previously in Section 3.2.3. The experiments were carried out as designed. General

view of the X65 samples is shown in the following figure (Figure 5.20).
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Figure 5.20: General view of Trans-Varestraint specimen (X65 steel).

Samples were examined under a stereoscope and the MCL and TCL values were
recorded. The following figure shows how crack lengths and crack distances were
measured. This shows that indeed for the Trans-Varestraint tests the MCD is equal
to MCL.

Welding Direction
B ———————

Crack Length/ Crack Distance

: Solidiﬁ_cati"o.n Cracks

Figure 5.21: Solidification cracks on X65 sample. (TVA 10.2: augmented strain
applied 10%.

Measurements were carried out on all of the samples and the TCL was plotted

against the augmented strain as shown in Figure 5.22. Results show that EN3B
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steel produces an amount of crack lengths higher than the X65 overall. This is clear
from the fact that X65 presents a TCL of below 1 mm at 4% where EN3B reaches
a crack length of almost 6 mm. Adding to that EN3B presents cracks at lower

augmented strains than X65.

20| ® TCL vs Augmented Strain ; ° ® TCL vs Augmented Strain 1
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Figure 5.22: TCL vs augmented strain for Trans-Varestraint tests a) EN3B b) X65,
red line indicating the evolution of the crack lengths as augmented strain increases.

As with the small scale experiments the same methods were used to find a fit that
corresponds to the evolution of the TCL of the hot cracks of the materials. The
following tables (5.4, 5.5) show the different types of fit and their parameters.

By comparing these tables it is clear that for the Trans-Varestraint test the R-Square
and its adjusted values are good but the SSE values for the EN3B experiments are

significantly higher than the X65. Both of them though are significantly high.

Table 5.4: TCL vs Augmented strain for the industrial scale Trans-Varestraint test
for EN3B steel

Fit Type SSE R-Square Adj R-sq
a*sin(b*x+c) 44.523  0.951 0.935
a*x+b 77714 0.915 0.910
a*exp(b*x) 106.610 0.883 0.877
a+atan(a*x+b) 610.730 0.330 0.295

a-+tanh(b¥x+c) 709.279 0.222 0.136
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Table 5.5: TCL vs Augmented strain for the industrial scale Trans-Varestraint test
for X65 steel

Fit Type SSE R-Square Adj R-sq

a*sin(b*x+c) 5.723  0.965 0.953

a*exp(b*x) 8.948  0.945 0.942
a*x+b 33.434  0.795 0.784
atatan(a*x+b) 55954 0.657 0.639

a-+tanh(b*x+c) 99.505 0.390 0.322

EN3B Trans-Varestraint tests were carried out up to the augmented strain of 10%
because at this strain the weld bead of the material failed completely and in a way

that measuring a length of hot cracks was difficult as seen in the following figure.

Figure 5.23: EN3B Trans-Varestraint sample strained at 10%.

MCL measurements were recorded and plotted against the augmented strain as
shown in the following figure (Figure 5.24). Results from the MCL measurements
also indicate that the EN3B steel is more susceptible to hot cracking than X65 since
it produces higher crack lengths at lower augmented strains. An important finding
from these results is that both materials behave as expected according to what was

discussed in Section 2.3.2 and presented in Figure 2.11.
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Figure 5.24: MCL vs augmented strain for Trans-Varestraint tests a) EN3B b) X65,
red line indicating the evolution of the crack lengths as augmented strain increases.

The fitting methods that were used for all the other experimental sets were also used

for the MCL measurements. The following tables (5.6, 5.7) show the comparison

between the EN3B results and X65 results. Compared to previous sets of results

these results present with better SSE and R values and appear to be more reliable

and comparable. It is critical to be noted that these are approximated fits that are

used to evaluate the experimental results. The fits presented could be significantly

improved but this is not the aim of this thesis.

Table 5.6: MCL vs Augmented strain for the industrial scale Trans-Varestraint test

for EN3B steel

Fit Type SSE R-Square Adj R-sq
a*sin(b*x+-c) 1.454  0.973 0.964
atatan(a*xtb) 5.396  0.901 0.896
a*x+b 6.972  0.872 0.865
a*exp(b*x) 9.247  0.830 0.822
attanh(b*xtc) 13.992 0.743 0.715
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Table 5.7: MCL vs Augmented strain for the industrial scale Trans-Varestraint test
for X65 steel

Fit Type SSE  R-Square Adj R-sq

a+atan(a*x+b) 3.891 0.867 0.860
a*sin(b*x+c) 4.288 0.854 0.805

a-+tanh(b*x+c) 5.230 0.821 0.801
a*exp(b*x) 5.468 0.813 0.803
a*x+b 8.050 0.725 0.710
5.2.3 Measurement of applied strain during

Trans-Varestraint test

During the Trans-Varestraint testing of X65 steel the strain gauge measurements
were consistently higher than the desired applied strain. Since the strain gauges
though were not placed exactly at the position where the weld bead was and the
cracks were generated a test where multiple strain gauges were placed on a plate
was carried out (Figure 5.25). This test was carried out because it was not possible
to place strain gauges (because of the heat of the weld) close to the point where the
cracks would appear during the test. For the welding tests, only one strain gauge
could be placed and the position was as close to the weld as was tolerable given the

heat.

Figure 5.25: Strain gauge positions on plate for the experiment where the bend is
applied without welding.
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The results of the cold bend experiments (Figure 5.26) demonstrate the importance
of control of the stroke length during Trans-Varestraint experiments. The maximum
strain recorded was always greater than the intended strain. The strain near the edge
was greater because of the near edge effects (Poisson’s ratio) during bending that
allowed for the plate to contract in those regions. The cold bend test indicated that
further from the edge of the specimen the strain decreased. Additionally, particularly
in the edge region an overshoot from the desirable stroke was observed. This was
followed by a spring-back that occurred when the force ceased to be applied due to

the elastic component of the strain in the plate at the end of the bend.

—— Strain Gauge 1|
— Strain Gauge 2i
—— Strain Gauge 3i
— Strain Gauge 4
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Figure 5.26: Strain development during cold bending of plate at 6% target
augmented strain.

By examining the results further towards the centre of the plate where the welding
process is taking place and where cracks are generated, the strain is significantly
lower (near strain gauge 3 as seen in Figure 5.26). The results also indicate that
the use of the equation, which has been suggested for this method, will provide
with a stroke length that will ensure that the required strain will be applied on the
centreline of the plate. In this case the desired strain was 6% and the stroke length

calculated was 39 mm.
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5.3 Post processing of weldability tests

5.3.1 Liquid Dye Penetration Tests (NDT)

Liquid dye penetration tests were carried out in all specimens in order to identify
cracks on specimens that could not be identified using a stereoscope. The non-

destructive testing for the small scale experiments was carried out in all of the

specimens as shown in the following figure (Figure 5.27).

Figure 5.27: Varestraint samples during NDT testing I: VA100 I1: VA200 III: VA300
IV: VA400 V: VA500 VI: VA600 VII: VA700.

NDT showed indications of cracks from specimens III to VII as shown in Figure

5.98.
i | i --’r '” :
VI = v

Figure 5.28: Indications of cracks from specimens III to VII.

NDT indications on the small scale Varestraint samples show that the location of
the hot cracks generated from the experiments are not at the exact same location on
all of the specimen and indeed in some samples cracks are generated only on one side

of the weld. The specimens with a stroke length of 27 mm provided with indications



CHAPTER 5. EXPERIMENTAL DATA 118

demonstrating how critical the position of the solidification path is in comparison
with the bending position. In Figure 5.29 it can be seen that in one sample the
bend occurred after the weld solidified. As a result no cracks were generated on
this sample. The results of the NDT examination in combination with the results of
the crack length measurements on these samples indicated that for the small scale

experiments the position of the solidification front at the time of the bend is critical.

Figure 5.29: Varestraint samples where one sample (indicated with yellow broken
line) does not have any cracks present.

NDT was carried out on all of the industrial scale Trans-Varestraint experiments as
well. The tests were focused on the specimens that 2 % augmented strain was applied
since during the stereoscopic examination no cracks could be identified. NDT gave

indications of cracks on these specimens as seen in Figure 5.30.

Augmented strain: 2 % Augmented strain: 2 %

TVA 2.3
Stroke Length: 14 mm Stroke Length: 14 mm

TVA 2.2

Former Radius: 600 mm Former Radius: 600 mm

Figure 5.30: TVA 2.2 and TVA 2.3 (X65 steel) NDT showing indications of cracking
defects at the limit of the 'mushy zone’ were cracks are expected to initiate from.
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NDT on the Trans-Varestraint samples showed that the defects during these tests are
formed mainly along the centreline of the weld. This makes the crack positions easier
to spot and identify when compared to the cracks generated during the Varestraint
tests on small samples. As expected the biggest cracks during these tests develop
along the centreline of the samples and further away from the centreline smaller

(secondary) cracks are be developing.

Figure 5.31: Indications of defects during NDT (X65 steel) on various Trans-
Varestraint samples.

In order to further examine the cracks generated from both the Varestraint and
Trans-Varestraint tests samples were extracted from the specimens in order to be

examined using XRCT.

5.3.2 X-Ray Computed Tomography (XRCT)

Specimens from both types of tests were extracted and examined using XRCT as
described in Section 3.3.2. XRCT on the small scale experiments provided with
accurate representations of the samples and highlighted the cracks as seen in the

following figure (Figure 5.32).
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Figure 5.32: XRCT overview of small scale Varestraint sample (VA700.2).

Using the XRCT capabilities it is also possible to compare cracks on specimens where
different levels of augmented strain were applied. The following figure (Figure 5.33)
compares small scale Varestraint samples with different stroke lengths applied. By
comparing these samples it can be seen that when the cracking is fully developed it
follows the solidification front and can be used to identify the maximum depth of
the weld bead and measure the maximum depth of the cracks. In this case it can
be seen that the first cracks that are formed are positioned on the one side of the
weld bead and at a depth that is smaller than the actual weld depth. Additionally,
the XRCT shows that even at low strains where cracks might not be observed at
the surface of the material subsurface cracks may be present.

VA300.1 VA700.2
Stroke length 40.5 mm Stroke length 94.5 mm

\Solidiﬁcarion Front

Smallest — |argest

Volume of Crack

Figure 5.33: Comparison of VA300.1 vs VA700.2 showing different stages of crack
generation and propagation.
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The following figure (Figure 5.34), shows the XRCT scan on the EN3B sample from

the Trans-Varestraint experiment where 2% of strain was applied on the specimen.

Secondary cracks

Biggest Crack
generated along the
centreline of the
specimen

— — Largest

Smallest
Volume of Crack

Figure 5.34: XRCT scan of TVA 2.1 (2% augmented strain, EN3B) steel.

Initial indications from XRCT on X65 Trans-Varestraint specimens showed that

hot cracking develops from the solidification front as shown in the following figure

(Figure 5.35) of TVA 11.1.
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Solidification

Solidification
Front

Smallest Largest
Volume of Crack

Figure 5.35: Specimen TVA 11.1 (X65) (augmented strain: 11%) crack pattern
follows solidification front of weld (WD = Welding Direction, POV = Point of
View).

The maximum crack depth was recorded for all the specimens that were scanned.
The scans revealed that even when 2% strain was applied (and no cracks were
observed in the surface of the weld) sub-surface cracks were present. All the cracks
measured had the same maximum crack depth, approximately 1.4 mm from the
weld surface, except in the 2% strained specimen, where the crack depth was

approximately 0.9 mm (Figure 5.36).
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Figure 5.36: Maximum crack depth for Trans-Varestraint test specimens (X65).
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These results demonstrate that hot cracks initiate below the surface and, once a
maximum depth is reached, the amount of strain imposed will not affect it. By
comparing the cracks developed in a high strain specimen compared to a low strain
specimen (TVA10.1 and TVA2.1, Figure 5.37) it was observed that cracks tend to

initiate on the solidification front where its angle relative to the surface is 45°.

TVA10.1

Welding Direction

Solidification Front

Figure 5.37: Comparison of hot cracks: a) 10% strain specimen; b) 2% strain
specimen; c) overlay of the two specimens; illustrating that cracks initiate on the
solidification front where its angle with the surface of the specimen is 45°.

The same observation was made at the Varestraint test samples VA300.1 and

VA700.2 as shown Figure 5.38.
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Figure 5.38: Overlay of the two specimens (VA300.1 and VA 700.2), illustrating
that cracks initiate on the solidification front where its angle with the surface of the
specimen is 45°.

5.3.3 Fractography of hot cracks

In order to examine further the XRCT findings from the Trans-Varestraint specimens
fractography was carried out in hot cracks generated from the experiments as shown

in Figure 5.39.

Welding direction

Surface

Figure 5.39: Low magnification images of both sides of a hot crack from a TVA
specimen (TVA 10.1, augmented strain 10%).

By focusing on the inter-dendritic stage 3 fracture, which originates from the crack
initiation point that was identified by the XRCT scans, it was observed that the
dendrites have a preference in orientation that forms a 45° angle with the surface

of the sample (Figure 5.40). By following these structures to their origin, the depth
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measured was approximately 0.9 mm. This indicates that there is a connection
between the initiation point of the cracks and the angle that is formed by the

solidification front and the surface of the weld.

Stage 3 hot tear

Interdendritic fracture

HV spot HFW WD mag [J] | det | mode 100 pm
2000kY | 55 [414pym | 87 mm | 1000x | ETD | SE Quanta FEG

Figure 5.40: Stage 3 hot cracking near the surface of the weld pool indicating clear
preference in the orientation of the dendrites at an angle of 45° with the surface of
the weld.

5.4 Summary

This chapter presented the main results of the study that was carried out.
Metallographic examination of X65 steel revealed that its structure is mainly
ferritic with regions of degenerate pearlite in the base metal and mainly acicular
ferrite in the fusion zone.  What was also clear during the metallographic

examination was the CG-HAZ where enlarged grains were observed.

Hardness testing of the weld joint showed how the distribution of hardness
corresponds to the welding resulting regions. Fracture toughness of samples that

consisted of 50% HAZ and 50% FZ indicated that the toughness on the interface of
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the weld is lower than the one in the FZ. Additionally despite the challenges in
obtaining samples that consisted of 50% HAZ and 50% FZ the experiments were

carried out successfully.

Small scale Varestraint tests were carried out on X65 and the results showed that the
average MCD at a stroke length of 94.5 mm was 0.15 mm and that the evolution of
the MCD as the stroke length was increased follows the expected theoretical trend of
MCD vs augmented strain. The Trans-Varestraint tests were carried out on X65 and
EN3B steel in order to obtain comparable results and validate the proposed method.
The results clearly indicated that EN3B is more susceptible to hot cracking than
X65. EN3B constantly presents a MCL higher than that for X65 at lower augmented
strains. 0.5 mm MCL at 1% augmented strain versus 0.25 mm MCL at 3% strain

respectively.

Tests were carried out without performing a weld on a plate with multiple strain
gauges on the centreline in order to validate further the method proposed. The
results showed that in the area where the cracks appear the strain applied is the
desired augmented strain. The specimens that were used for the Varestraint and the
Trans-Varestraint tests were examined using NDT (Liquid Dye Penetration) mainly
to observe if there are defects on the weld beads that could not be observed using

the stereoscope.

The results showed that in the Trans-Varestraint samples of X65 steel where no
cracks were observed stereoscopically some indications were observed during NDT.
Specimens were extracted from the samples and the examination using XRCT
showed that indeed even if cracks are not observed on the surface of the weld
subsurface cracks may be present. An interesting finding of the XRCT is that it
appears that cracks initiate at a point where the solidification path of the material

forms a 45° angle with the surface of the weld.

These indications were reinforced by the fractography of the hot cracks where the
orientation of the grains that lead to the expected initiation point indeed form a
45° angle with the surface of the weld. In the following chapter the experimental

results will be analysed and discussed in order to further understand the importance
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of these findings, how they can be used in future research and to further improve

the Varestraint and Trans-Varestraint tests.



Chapter 6

Discussion

The experimental procedures and results presented were focused on two main parts.
The first one was the characterization of API-5L X65 steel. The second one was the

study of hot cracking susceptibility and its mechanisms using mainly X65 steel.

6.1 Characterization of the material

API-5L X65 steel is an HSLA steel that is commonly used in offshore pipelines.
The microstructure of the material was examined using a submerged arc welded
(SAW) pipe part. The microstructure is mainly ferritic with some degenerate
pearlite present in the base metal. By approaching the interface of the weld the
CG-HAZ was clearly identified and the FZ was mainly acicular ferrite. During the
grain size measurements it was observed that the grain size of the material
according to ASTM was G 12.5 (average diameter 4.7 ym). Because the grain size
measurements were carried out on both sides of the weld a difference was observed
though between the left side and the right side of the specimens. It appears that
the grain size measurement on the left side of the material are consistently slightly
higher than the right. However, this difference is not significant enough to affect
the categorization of the material. The material can still be categorized as an
extremely fine grained material. By taking under consideration the way the part is

manufactured, which is described in Sections 1.3.1 and 2.1 a cause for this

128
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difference can potentially be identified. As the UOE process has described, after
the welding of the pipe is carried out the expansion process is carried out in order
for the pipe to obtain its desired size. If, during this process the pressure applied
by the tool is slightly uneven and distributed along the surface of the pipe
non-uniformly, it can potentially lead to differences like this. Given that the
differences observed in the grain size do not cause a change in the overall grain size

of the material these slight differences may also be as a result of residual stresses.

Hardness tests of the weld joint provided some interesting results. One of the most
important ones was the fact that it appears that the HAZ on the one side of the
specimen covers a bigger area compared to the HAZ on the other side of the
specimen. Given that the welding process that is used during the welding of the
pipe is taking place in multiple stages this difference can theoretically be
explained. If the heat input in the weld joint is not absolutely centred then one
side of the material will receive a greater amount of heat thus creating a slightly
bigger HAZ. However this there is no evidence to support if this difference affects

or not the performance of the material.

CTOD fracture toughness experiments were proven challenging as the aim of the
tests was to measure the fracture toughness directly on the interface of the weld.
Therefore, it was required that the specimens contained 50% HAZ and 50% FZ
in their notch. In order to achieve this multiple accurate measurements needed to
be carried out in order to enable precise extraction of the specimens. The other
reason was the dimensional restrictions set by the ASTM standards in order to
obtain a Kj¢ value. Due to size restrictions and demands of 50% HAZ 50% FZ the
size of the specimens could not meet the ASTM requirements for K;¢ measurements.
Nevertheless the experiments could provide with a K, value that allows the materials
toughness to be evaluated. As far as the success of the experiments to measure the
fracture toughness in a 50% HAZ 50% FZ notch the experiments can be considered
successful since the average percentage of HAZ vs FZ area across the specimens
was 52% vs 48% respectively. Comparative results between the 100% FZ fracture
toughness tests that have been carried out on the same material indicate that the

fracture toughness of the interface of the welds is lower than the FZ (34.9 MPa m'/2
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vs 40.7 MPa m'/?). This drop of fracture toughness has also been observed in X80

steel as mentioned in the literature review Section 2.1.

The SEM examination of the fracture toughness specimens provided with a clear
contrast between the way cracks manifest in the FZ versus the HAZ. The
examination indicated that the FZ fractured surfaces presented a more uniform
ductile fracture which is expected when the microstructure of the material at that
point consists of acicular ferrite which provides with high mechanical properties
and limits the slip distance of dislocations. On the other hand the HAZ, which at
this scale and that close to the FZ is for the most part CG-HAZ, consists of a
lower strength matrix with enlarged grains that allows for large dimples to form.
As a result the fractured area of the specimen is presented with a ductile
morphology with the characteristic ductile dimples that are presented at these
types of fractures. Overall CTOD fracture toughness tests can provide with critical
information that is required for the applications that steels like X65 are used for in
the oil and gas industry and specifically the off-shore ones. Nevertheless, it has
been proven challenging to obtain specimens directly from the interface that
contain 50% FZ and 50% HAZ. During this study the specimens had to be
carefully extracted and the directions for their extraction were specific. In order to
repeat an experiment focused on the interface of welds the focus should be on the

extraction of the specimens.

6.2 Weldability tests

6.2.1 Experimental procedure of the small scale Varestraint

tests

The presented method was applied for a set of small scale Varestraint experiments
and industrial scale Trans-Varestraint experiments. The small scale apparatus had
some limitations as far as applying the proposed method is concerned. Firstly, the
setup did not allow for an interchangeable former of different radius to be used

according to the desired strain. Secondly, the setup was not designed to work
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similarly to a three point bend test as the method proposed expects. Nevertheless
by taking into consideration that the former that was part of the rig had a radius
of 30 mm and the specimen thickness was 8 mm it had the capability of applying a
maximum of 13% strain on the specimens (Equation( 3 )) . Before the upgrade of the
equipment the control of the stroke length was not possible because the actuators

were controlled manually by the use of switches.

The upgrades carried out for this study provided with the required control of the
stroke length. This allowed the imposition of different levels of strain on the
specimens during the experiments. This was achieved by not bending to the full
stroke length available during all experiments but by bending at different lengths
in order to apply different strains. The strain amount could not be measured using
strain gauges in this setup for two reasons. Because the specimens are small scale
the weld bead covers all the available space where strain gauges could be placed so

welding and measuring the strain at the same time was not possible.

The second reason was that the rig is not powerful enough to bend the specimens
when they are cold, therefore the placing of strain gauges on a specimen and
bending it without welding was not an option. For that reason the results of the
experiments were presented as crack lengths versus stroke lengths and not strain
percentages. Nevertheless since at different stroke lengths the amount of strain
applied will be different the results are in a form that corresponds to the crack

length versus augmented strain that is discussed in the literature.

What was observed by examining the results of the small scale tests was the
following. The Varestraint tests are sensitive to the position of the weld during the
bend. Considering that during Varestraint and Trans-Varestraint experiments the
aim is to apply the maximum desired augmented strain on the solidification front
of the weld the following occurs. As the following figure shows, in the current
setup for the small scale tests the position where the maximum augmented strain
is applied is at a different point from the position that the solidification front is
during the process (Figure 6.1). Because of the small size of the specimen and the
small size of the welding bead the solidification front cannot be more that 5 mm

behind the weld torch as was observed from the Varestraint specimens. The issue
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at this point is that the position of the potential maximum strain is further away

from the solidification front.

Welding Solidification

Torch / Front

*

Specimen

R '..- \ Maximum
s . Augmented

Strain

Figure 6.1: Position of the solidification front in relation to the position of the
maximum applied augmented strain during the small scale Varestraint experiments.

Another issue is the way the specimen is attached at the bending actuator for the
experiment. Because the specimen is placed on the specimen holder and gripped so
it moves with the holder in order carry out the welding process the following occurs.
At the start of the experiment the bending actuator is attached on the specimen at
a specific angle. At the point where the bending process initiated this angle changes
to 90° because the specimen moves towards the bending actuator as shown in the
following figure (Figure 3.14). This means that if for some reason the specimen in
not set on the holder at the exact same position every time the angle between the

actuator and the specimen at the time of the bend will be different.

This will result in a different deflection of the specimen resulting to different strain
applied. This was made clear during the experiments where the stroke length was
54.0 mm and 94.5 mm. During those experiments the specimens where not attached
at exactly the same position as the other experiments and as a result the bends were
different and the resulting cracks were also different. There were also cases where
the main axis of the bend was sufficiently far from the solidification front which

caused no cracks to be generated at all.
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6.2.2 Small scale Varestraint experiments

The issues discussed can also explain the fact that the MCD measurements for the
Varestraint tests have a relatively big spread in values. Both Varestraint and Trans-
Varestraint tests have a strong dependence on the application of augmented strain.
Therefore, the greater the variation that exists in the augmented strain applied
the greater the effect it will have on the results. In addition as will be explained
as this section progresses the Varestraint test has less control in the application
of augmented strain compared to the Trans-Varestraint test. This argument is also
reinforced when considering the following. The aim of the test is to apply the desired
augmented strain on the solidification front. This means that during the bending
process the solidification front must be at the position where the maximum strain

is applied.

This leads to the logical conclusion that in order to have that kind of positional
control of the solidification front the shape, size and position of the weld must
be known accurately prior the experimentation. This is information that is not
readily available for all weldable materials and all welding processes. Bearing in
mind that any testing procedure which has as an aim to export significant results
without extreme pre-testing, the requirement of this level of information prior to

experimentation reduces the functionality and usefulness of the experiment overall.

Furthermore, experimental procedures of that scale for the Varestraint experiments
produce small welding beads which in turn, if the material is not susceptible to
cracking, produce small defects which increase the variation of results due to the
difficulty of accurately measuring the crack lengths. This means that in order to
perform small scale Varestraint experiments and extract reliable results there is a
necessity for a significant number of specimens that will improve the accuracy of the

experiments.
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6.2.3 Industrial scale Trans-Varestraint tests

The Trans-Varestraint experiments were carried out by applying the method
described in Section 3.2.1. The experiments were carried out using X65 and EN3B
steels in order to obtain comparable results and to further validate the method.
The results of both experimental sets on X65 and EN3B that have been presented
show the following characteristics. Compared to the results of the Varestraint tests
the Trans-Varestraint results show less variation. By comparing the
Trans-Varestraint results between X65 and EN3B it is evident that EN3B is more
susceptible to hot cracking than X65 since the overall crack length across the span
of augmented strains is higher than X65 and because EN3B presents cracks at

lower augmented strains than X65.

The industrial scale tests also allowed for strain measurements to be carried out.
These measurements were carried out during the first set of experiments in order to
ensure that the stroke lengths that are provided by Equation 20 previously presented,
will be the ones that will be actually applied during the experiment. Because the
strain measurements could not be taken from the position where the weld will take
place strain gauges were placed at the edge of the plate as previously described.
The initial results of these measurements were consistently higher than the ones the
experimental design demanded. For this reason an experiment where multiple strain
gauges were placed on a plate were carried out in order to get a profile of strain that
is applied during the bending. These measurements showed indeed that at distances
of 40 to 50 mm from the edge of the plate where the actual welding bead is during

the tests the strain applied is the one expected from the experimental design.

The only deviation that occurred during the industrial scale experiments from the
experimental design was the fact that the experimental rig was slightly, but
repeatedly, over shooting the desired stroke length during the bending process and
also there was a spring back after the bend was applied due to the elastic
properties of the steel. These deviations occurred for the following reasons. The
Trans-Varestraint rig, used in this study, was designed to apply the maximum

possible stroke length during the test and hold the plate at that position to
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eliminate spring back.

However, the method presented requires different stroke lengths to allow for the
variation of the applied strain. Under these conditions the hydraulics unit would
not hold the actuators in place and so a small amount of spring back was
inevitable. Additionally, due to the inertia of the rig the target stroke was
systematically exceeded. Despite these limitations, the method was still
controllable and repeatable since both the spring back and overshoot were
consistent in each experiment (Figure 6.2). Specifically, these were found to be
-1.11 + 1.3 mm and 6.62 4+ 1.16 mm respectively, which can therefore be

compensated for in future experiments.
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Figure 6.2: Comparison of stroke lengths for each experiment.

As far as augmented strain application is concerned the Trans-Varestraint
experiments exhibited stability. The resulting cracks had a smaller variation than
the Varestraint tests and the results of MCL versus augmented strain were as the
literature suggested it should be. Another positive aspect of the tests was the fact
that even if the bend process would initiate at a slightly different time than the
one designed the augmented strain applied on the solidification front was the same
because the weld bead was applied on the centreline of the sample so the
solidification front was always at the same relative position to the centreline of the

sample.
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6.3 Post processing of the weldability tests

Post processing of the weldability experiments provided with insight into multiple
sections of the hot cracking phenomenon. Initially the NDT tests showed that even
when cracks cannot be identified by inspection of the samples with a stereoscope
does not mean that some minor defects might not be present. An example of this was
the X65 experiments where at the specimens where 2% strain was applied and cracks
were not observed during stereoscopic examinations. NDT revealed indications of

defects in the weld at the position where hot cracks were expected to manifest.

The examination that provided with further input though was the XRCT scans
of the Varestraint and Trans-Varestraint samples. The initial observation of the
samples was that the hot cracks that were caused from the experiments are indeed
generated on the solidification front. This was made clearer at the specimens where
high augmented strains were imposed and cracks of significant size were present.
Adding to that, by measuring the maximum depth of cracks it was revealed that
when the cracks are initiated, they are manifesting from a depth that is lower than
the maximum depth of the solidification front. Specifically the maximum crack
depth for the X65 specimens showed that at 2% augmented strain where cracks
do not quite reach the surface of the weld their depth is lower than all the rest
measurements. This difference in crack depth was also observed in the Varestraint
samples. The cracks for the experiments where the stroke length was 40.5 mm were
at a lower depth (0.88 mm) compared to the ones of 90.5 mm stroke length (1.00

mm) as seen in Figure 4-33.

It is argued that, as the tests that have been described have been carried out such
that control of the strain is repeatable and reliable, that each specimen can be
considered as a snapshot of the various stages of crack initiation and evolution.
This means that even if it is known that the cracks initiate below the surface during
welding and propagate towards the heat source [124] their initiation appears to not

be at the maximum depth possible.

Further examination revealed that during hot cracking, cracks first initiate on the

solidification front, where the tangent of the solidifying material makes an angle of
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45° with the surface (Figures 5.37, 5.38). This was highlighted by the observation of
the sub surface cracks on specimens from both experimental setups. The observation
of cracks forming, the tangent of the solidification front that made an angle of 45°
to the surface, can be explained as this is the point where the maximum shear stress

on the solidifying material exists.

These observations were examined further by examining the cracks of specimens
using an SEM microscope for carrying out fractographic examination. Close
examination of the hot cracks revealed that indeed solidification of the material
happens perpendicular to the solidification front. Additionally, the examination
revealed that the dendrites have indeed an orientation of 45° to the surface at the
points where the initiation of the cracks are occurring. This is considered
noteworthy since there is bound to be, in any solidification front during welding, a

range where its angle is at a 45° angle with the surface.

Adding to that, during the Trans-Varestraint and Varestraint tests the strains
applied on the solidification front in the middle of the bend are mainly tensile
(Figure 6.3). This means that, as solidification is still taking place at the point
where the greatest shear stress/strain is being applied, dendrites are being pulled

apart creating voids which result in initiation of cracks.

Solidification Front Trans-Varestraint Varestraint

Tensile strain Tensile strain

Figure 6.3: Strains applied on the solidification front during Trans-Varestraint and
Varestraint tests.

The observation of this crack initiation point is supported by analytical modelling
based on Rosenthal’s equations [65]. By employing Rosenthal’s solution for the
temperature gradients for thick plates, a realistic approximation of the welding bead
that has been used for the experimental process was achieved. The model (Figure

6.4) illustrates the shape of a weld pool with a maximum depth of 1.40 mm. This
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weld pool is like the one created during the Trans-Varestraint experiments. Between
the depths of 0.84 mm and 1.09 mm the tangent of the solidification front (light
blue) forms a 45° angle with the surface of the weld. Assuming a tensile load on the
solidification front the maximum shear stress will be applied at those depths and
will generate cracks. Experimental results indicate that the depth of initiation of

the cracks is 0.90 mm which is in the range provided by the analytical model.
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Figure 6.4: MATLAB R2015a solution to an analytical welding model based on
Rosenthal’s equations indicating the depth where the tangent of the solidification
front is 45°.

6.4 General output and evaluation of findings

Cracking phenomena in welds in general have been an important subject of
research [139]. Multiple experimental procedures and methods have been employed
and used as tools to focus on the study of hot cracking [76, 80,113,153, 164, 165].
Additionally, Material properties like toughness, hardness and processes that affect
them like heat treatments have been studied in order to investigate their
connection to hot cracking [60, 119, 166, 167]. Furthermore, the mechanisms that
govern the hot cracking phenomena especially as far as their initiation and growth
have also been investigated [39, 81, 168].  Research mentioned here but also

presented in the literature review indicated clearly that the hot cracking
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phenomena are indeed complicated and the process of quantifying them is

important.

Overall both Varestraint and Trans-Varestraint tests produced results that exhibit
MCD and MCL development at increasing augmented strain as expected. Adding to
that, it can be argued that the evolution of the hot cracking phenomenon has been
examined in a greater range that has been presented in the literature. Furthermore,
it can be stated that most of the literature has examined the initiation/threshold
of hot cracking susceptibility of materials as presented and this study proceeded in
examining a greater range of the phenomenon. By comparing the two tests some
specific issues are becoming clear. First of all the small scale Varestraint test showed
that it is really sensitive to the position of the solidification front during the bending
stage of the test compared to the Trans-Varestraint test. This sensitivity is not only
limited to small scale experiments like the ones conducted. This is because even if
the scale of the test was larger the test would still have the same issues as far as
the positioning of the solidification front. On the other hand the Trans-Varestraint
test does not have the same issue as far as the solidification front positioning is
concerned because the welding bead, and as a consequence the solidification front,

is at all times on the centreline of the specimens and the bend.

Adding to that, the Varestraint tests produce small cracks in materials with high
resistance to hot cracking susceptibility which makes it harder to identify them
and measure them accurately compared to the cracks generated from the
Trans-Varestraint test. Another observation is that the spread of the results on a
Varestraint test is significantly higher than the Trans-Varestraint test. This can
potentially reduce the overall levels of accuracy and repeatability of experiments.
One of a few characteristics of standardised and reliable tests is the capability of
the test to produce repeatable and reliable results on multiple circumstances. This
means that the test must be robust and able to generate results without requiring
extreme levels of control. Trans-Varestraint tests compared to the Varestraint tests
exhibit this capability and with the method proposed the main driver for hot
cracking (augmented strain) can be controlled. As already mentioned in Section

2.3.2 there are five main reasons preventing a standardised approach for
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conducting these experiments.

e Lack of an optimal apparatus setup to conduct the experiments with

Lack of a specific way to apply the augmented strain during the experiment

Lack of an optimal strain rate that should be used for the experiment

Lack of specimen specifications

Lack of specification of welding time.

This study advocates for the use of the three point bending type approach for these
tests because it shows increased robustness and control of the experiment overall.
For the standardisation of tests, reliability and repeatability must be demonstrated

and verified by multiple investigators.

With Varestraint and Trans-Varestraint tests this has not yet been achieved due to
the variety of welding procedures and test rigs that have been used in the published
literature. These include cantilever, mandrel and three-point bend designs [138,152,
153,169,170]. It is further worth noting that the alignment of the bending plane
of the specimen, the axis of any former (if used) and the weld bead (and therefore
the solidification front) is also critical as the strain varies significantly away from
the bending plane of the specimen. This was verified through both strain gauge
data from the cold bend experiment and by simulation, using the CAE software

ABAQUS, to replicate the bending process (Figure 6.5).

In summary, previous methods have lacked accurate control of the applied strain
to the weld bead. By using formers of a prescribed radius (Equation 3), a
controlled stroke length (Equation 20) and consistent time of bend, these factors
have been addressed in the present study. Furthermore alternative setups for
conducting hot cracking susceptibility assessment experiments appear to not take
under consideration that during the bending process the strain applied on the
sample is not the same in every position and it depends on the stroke length. This
was made clear from the small scale Varestraint experiments where the cantilever

approach was utilized for conducting the experiments.
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Figure 6.5: ABAQUS results that replicate cold bend test. Strain along
the centreline is highest (red/orange) and drops away from the centreline
(yellow/green/blue).

The method proposed introduces a solution to the problem of reliable augmented
strain application for these experimental procedures and proposes that the Trans-
Varestraint experiments are the experiments that are more reliable for testing the
hot cracking susceptibility of materials. Strain is the main driver for the evolution of
the phenomenon that is studied. By achieving control of the driver an appropriate
infrastructure is set for further developments and potentially standardization of the

tests.

This way materials can be potentially characterized according to the results of these
tests as follows. The materials that present the initial cracking with low MCL
at high augmented strains can be characterized as highly weldable materials. On
the other hand materials that their initial cracking occurs during the application
of low augmented strain and high MCL are measured can be characterized as low
weldability materials (Figure 6.6). These differences also appear to apply to the
TCL values versus the augmented strain. The only difference is that because the
TCL values contain the size of all the cracks on the samples the differences between
materials are highly accented compared to the MCL values. The boundaries and

limits of this categorization of materials according to their hot cracking susceptibility
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can be set after a significant range of materials have been tested using the method

proposed.

High crack lengths at low augmented High crack lengths at high augmented

strain strain
High Hot Cracking Susceptibility Medium Hot Cracking Susceptibility
Low Weldability Medium Weldability

Low crack lengths at Low augmented Low crack lengths at high augmented

Maximum Crack Length (mm)

strain strain
Medium Hot Cracking Susceptibility Low Hot Cracking Susceptibility
Medium Weldability High Weldability

Augmented Strain (%)

Figure 6.6: Proposed method for assessing hot cracking susceptibility of materials
according to their initial crack length vs the augmented strain that caused this crack
length.

The MCD results of this study can be used as shown in the following figure (Figure

6.7) to illustrate how a categorization like that would be like.
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Figure 6.7: MCL results of both EN3B and X65 with the categorization of 6.6
overlayed over them for comparison.

From the experiments that have been carried out a mechanism for hot crack
initiation has emerged and is therefore proposed. Along the centreline of the
welding bead, dendrites start to form in the direction of the heat source (i.e. the
welding torch). During the Trans-Varestraint test the augmented strain results
from the combination of the shrinkage strain due to solidification and the

mechanical strain imposed by the bending action of the test [124].

The strains applied from the test are tensile perpendicular to the plane in which
the axis of the welding bead lies. During this application of strain, welding and
solidification is still under development and due to the nature of the shape of the
weld pool there is bound to be a section of the solidification front that will create
an angle of 45° with the surface of the weld. As solidification is still taking place

at the point where the greatest shear stress/strain is being applied, dendrites are
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being pulled apart creating voids which result in initiation of cracks.

The results reported also identify a range of ‘critical’ depths where hot cracks
initiate, which correlates with the dendrite growth orientation and maximum shear
stress location.  These findings may therefore be applied in future welding
simulations to predict crack initiation and hot crack susceptibility in a wide range
of materials, which would be a valuable predictive tool for both further academic
research and industrial application. In the latter case such a standardized testing
approach may result in a database of materials with a parameter quantifying their

hot cracking susceptibility.

The lack of standards for hot cracking susceptibility prevents reliable evaluation of
candidate materials and development of further understanding of the hot cracking
phenomenon [119, 139, 164]. The experimental work, reported in this study,
demonstrates a method for Trans-Varestraint testing that is more repeatable and
reliable than reported in the previous literature. In combination with the results of
published research [39, 60, 76, 80, 81, 113, 119, 139, 153, 164-168|, the method

presented could form the basis of standardized Trans-Varestraint tests.

6.5 Summary

The microstructure of API-5L. X65 steel has been examined with no findings
indicating deviation from the expected microstructure of the material or the weld
joint. The hardness mapping of the weld joint revealed all the characteristic
regions of a weld (FZ, HAZ, BM) and the distribution of the hardness was as
expected. From the hardness map a minor difference on the size of the HAZ
between the two sides of the weld which can be explained by slightly uneven heat

input during welding.

The examination of the fracture toughness of the material has been proven
challenging because obtaining specimens that contain 50% HAZ and 50% FZ
requires intense planning and precise design. Nevertheless for this study the goal

has been achieved and the fracture toughness of the fusion boundary has been
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measured. Results showed that the fracture toughness on the boundary of the FZ
with HAZ is lower than the fracture toughness of the FZ. This drop of fracture

toughness sets the boundary of the FZ as a possible location for crack initiation.

As far as the Varestraint and Trans-Varestraint tests are concerned the testing of
the samples was carried out according to the experimental design set and their
post processing revealed some interesting features. Overall the Trans-Varestraint
experiments are considered better overall because they appear to be more stable,
controllable and repeatable than the Varestraint tests. Results demonstrated that
EN3B is significantly more susceptible to hot cracking than X65 since it constantly
presents a MCL higher than that for X65 at lower augmented strains. 0.50 mm
MCL at 1% augmented strain versus 0.25 mm MCL at 3% strain respectively.
Furthermore the proposed method does indeed impose the desired augmented
strain on the samples. This proves that when conducting these experiments the
radius of the former and the magnitude of the stroke of the bend are intrinsically
connected. As a result experiments using this method will produce accurate,

reliable and repeatable results compared to the ones obtained so far.

From the post processing (XRCT and fractography) of the samples some significant
results have emerged. First of all the examination showed that hot cracking follows
the solidification front of the weld as expected but the cracks initiate at a smaller
depth than the depth of the weld. Further examination showed that at these depths
where the first cracks occur the orientation of the solidification front forms an angle
of 45° degrees with the surface of the weld. This is deemed noteworthy because
taking under consideration the fact that the strains applied at the solidification
front during the experiments are tensile in nature the angle of the solidification
front and the initiation of the cracks coincides with the angle of the maximum shear

strain that occurs during tensile loading.

Another result that formed as a result of the study is a categorization system that
will improve the categorization of materials according their hot cracking
susceptibility. Finally it is argued that, because the presented method appears to
provide with significant control of the augmented strain imposed during

experimentations, an infrastructure that can be used for the future standardization
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of these experiments has been established.



Chapter 7

Conclusions

This study has provided with information and results that lead to multiple
conclusions. From the theoretical point of view a clear outline that can be used to
define the phenomenon of hot cracking has been introduced. This will allow for
clearer definitions because there have been observations of terms being used
interchangeably in the literature. For this reason ways of addressing this have
already been presented in the literature. This study adds to the literature by using
the available information to compile a clearer and more concise way of defining hot
cracking defects (Section 2.3, Figure 2.7) and potentially this can be used to define
other defects such as warm cracking and cold cracking. In short the definition of

cracking defects proposed must address the following stages:

e Macroscopic definition

— Type of cracking defect
— Stage of welding that it manifests at
— Position that it manifests at

— Subset of defect according to the position it manifests at
e Microscopic definition

— Conditions that define the subset

— Morphology of the cracks

147
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— Subset/name according to the morphology

As far as the mechanical properties of the material that have been examined in this

study the following occurred.

e Compared to the FZ of the SAW X65 pipes the fracture toughness of the
interface between the FZ and the HAZ of the weld joint is lower by 14%. (FZ
HAZ Interface 34.9 MPa m'/? vs FZ 40.7 MPa m'/?)

e SEM examination of the fracture surfaces of the CTOD specimens showed
that interface between the FZ and HAZ is visible and the morphology of the

fracture differs between them.

e Hardness measurements of the weld joint indicated that during welding the
heat input is not evenly distributed to the rest of the material which cause a
minor difference in the shape of the HAZ size on one side of the weld (Figure
5.10). Measurements showed that the hardness of the FZ has an average of
235.3 HV02 4+7.4. BM has an average hardness of 198.4 HV02 + 5.9 and the
heat affected zone has an average of 179.8 HV02 + 4.9.

As far as the experimental method proposed and the assessment of the hot cracking

susceptibility of X65 the following occurred.

e Through this study a new equation has been introduced that can be used
in order to improve the reliability and compatibility of both Varestraint and
Trans-Varestraint tests for assessing hot cracking susceptibility of materials.
This equation defines a specific stroke length that should be applied during the
bending of the samples that are undergoing these tests. The equation takes
under consideration all the basic geometrical characteristics of the apparatus

used for the tests in order to export the stroke length.

LW — R?
RZ _ 12
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This works under the assumptions that the formers on the used apparatus are
interchangeable and calculated by the Equation 3, given for the calculation of the

former radius according to the desired augmented strain.

e This study also proposes a graphical solution (Figure 3.16) on selecting former
radii according to the thickness of the specimen and the desired augmented

strain which is generated by the Equation 3.

e By examining X65 steel and EN3B steel using the method proposed it can
be confirmed that EN3B is significantly more susceptible to hot cracking than
X65 since it constantly presents a MCL higher than that for X65 at lower
augmented strains. 0.5 mm MCL at 1% augmented strain versus 0.25 mm

MCL at 3% strain respectively (Figure 5.24).

e Examination of the hot cracks under XRCT and SEM revealed that the
orientation of dendrites that originate from the crack initiation points have a
45° angle with the surface of the weld (Figure 5.37, Figure 5.22). This, in
combination with an analytical model, revealed the possibility of predicting

the initiation sites of hot cracks during welding.

e This study also revealed that the augmented strain applied during the Trans-
Varestraint tests can be controlled accurately and reliably (Figure 5.26). This
will allow tests that are conducted using experimental setups similar to the

one described to be comparable

e This study advocates the use of an experimental setup similar to a three point
bend test since it allows for a better control of the location that the augmented

strain will be applied to.

e As far as assessing the hot cracking susceptibility of materials this study
proposes an evaluation of the materials depending on the size of the hot
cracks that first manifest on the material in combination with the augmented
strain that they are manifesting at (Figure 6.6). An example for this method
of comparing and assessing materials has been presented by comparing X65

vs EN3B.
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e Overall as far as the experimental procedures are concerned this study
advocated for the use of the Trans-Varestraint tests over the Varestraint tests
because the former exhibit better control and increased accuracy in their

results compared to the latter.

Through this study it has been shown that the control of the augmented strain for
the Varestraint and Trans-Varestraint experiments is feasible. This is an important

contribution for the following reasons.

e Hot cracking is a strain driven phenomenon which means in principal that,
when testing for it, the control that the experimental procedure provides to

its application is paramount.

e By reliably controlling the strain other parameters of the test can be also

studied and potentially controlled.

e By reaching a consensus that in order to control the strain as demonstrated, a
specific type of apparatus must be used, specimen and welding specifications

for conducting the experiments will emerge.

e [t is argued that through this study a groundwork for future standardization

of tests for assessing hot cracking susceptibility has been set.

On the hot crack nucleation subject this study proposes the following mechanism.
Because of the shape of the weld pool there is bound to be a section of the
solidification front that will create an angle of 45° with the surface of the weld.
The specimen is bent whilst solidification is still taking place. The evidence
suggests that at the point where the greatest shear stress/strain is being applied,
dendrites are being pulled apart creating voids which create the initiation point for
the cracks. This mechanism does not negate other proposed mechanisms but it
adds to the existing findings. For example as it has been mentioned Ti(C, N) have
been observed to facilitate the nucleation of hot cracks during welding. It is logical
to assume that not all Ti(C, N) present in the microstructure of the material will

cause the nucleation of cracks but, in combination with the mechanism proposed
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by this study will they significantly increase the probability of the initiation of hot

cracks.

The information presented in this study provides with some important findings
and potential additions to science and the industry in general. Nevertheless the
findings of this study can be used for the further development for both the
experimental procedures and the hot cracking mechanisms of materials theories.
Some potential routes that can be followed have already been presented, such as
the examination of the strain rate on the now more stable Varestraint and
Trans-Varestraint experimental procedures.  Others could potentially be in
mathematical modelling of these testing procedures in order to further improve
existing models. As always with science and engineering the possibilities are

endless and are always present.



Appendix A

Table 7.1: Results of CTOD specimens fracture toughness tests

Sample Code

Property Units IDF001 IDF002 IDF003 IDF004 ODF001 ODF002 ODF003 ODF004
Kq MPa * m1/2 33.89 34.27 38.04 34.99 35.33 35.48 32.02 35.51
C.T.0.D. mm 1.151 0.946 0.972 0.771 1.357 1.461 1.015 1.501
Area Under the Curve J 15.78 12.92 12.93 10.49 15.32 19.78 13.94 20.07
Plastic J Jpl J/mm2 1.107 0.903 0.938 0.734 1.305 1.407 0.975 1.448
Elastic J Jel J/mm?2 0.02 0.021 0.023 0.019 0.028 0.03 0.016 0.035
Total J J/mm2 1.127 0.924 0.961 0.753 1.333 1.437 0.991 1.483
Maximum Load kN 4.762 4.947 4.764 4.708 5.48 5.58 4.373 5.85
Load at 0.95 Slope kN 2.396 2.457 2.482 2.497 2.417 2.415 2.291 2.338
Pmax/PQ 1.987 2.013 1.919 1.885 2.267 2.310 1.908 2.502

Table 7.2: Crack measurements

Position IDF001 IDF002 IDF003 IDF004 ODF001 ODF002 ODF003 ODF004
N Crack Length (mm) Crack Length (mm) Crack Length (mm) Crack Length (mm) Crack Length (mm) Crack Length (mm) Crack Length (mm) Crack Length (mm)

1.00% 5.15 5.24 5.5 5.27 5.42 5.51 5.2 5.55
12.50%  5.42 5.38 5.74 5.42 5.57 5.62 5.42 5.65
25.00% 5.5 5.45 5.84 5.49 5.61 5.67 5.47 5.79
37.50%  5.56 5.49 5.87 5.54 5.66 5.7 5.49 5.84
50.00%  5.57 5.5 5.89 5.55 5.69 5.72 5.49 5.9
62.50% 6 5.49 5.87 5.53 5.68 5.7 5.45 5.9
75.00% 5 5.47 5.85 5.45 5.64 5.64 5.44 5.87
87.50%  5.54 5.4 5.8 5.42 5.6 5.6 5.39 5.74
99.00%  5.44 5.25 5.69 5.25 5.52 5.55 5.21 5.65

Table 7.3: Crack length checks

IDF001 IDF002 IDF003 IDF004 ODF001 ODF002 ODF003 ODF004

Original Crack Size (mm) 5.29 5.24 5.59 5.26 5.47 5.53 5.20 5.60
Physical Crack Size (mm) 5.49 5.42 5.80 5.45 5.61 5.64 5.41 5.78
Limits (mm) Lower 5.20 5.13 5.51 5.16 5.32 5.35 5.12 5.49
Higher 5.80 5.73 6.11 5.76 5.92 5.95 5.72 6.09
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